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The majority of engineered plastic materials used today are made from synthetic 
polymers. Petrochemically based polymers have been increasingly used as packaging 
materials due, in part, to their availability, low cost and favorable mechanical properties 
[1].  The use of conventional petroleum-based polymer products creates potential 
problems due to their non-renewable nature and ultimate disposal. More than 40 % of all 
plastic materials are used in packaging, and their disposal contributes to growing landfills 
and enhanced greenhouse effects when burned [1]. Environmental concerns arising from 
the use of nondegradable plastics have resulted in search for suitable substitutes [2-5].  In 
the recent years concern is growing in finding new ways to utilize biopolymers such as 
polysaccharides, proteins and lipids to create biodegradable films due to their ready 
availability, sustainability and contribution to the reduction of environmental pollution 
and simplified end-of-life disposal issues [2-5]. High barrier packaging materials require 
low oxygen permeability with good mechanical strength. Replacing existing oxygen 
barriers such as aluminum and synthetic polymers with biopolymers is a research topic of 
increased interest. Early studies examined the use of chitosan, starch and cellulose 
derivatives to address these challenges and were shown to have good film forming 
behavior [6]. Xylan which is the most abundant of the hemicelluloses found in the cell 
wall of the land plants has been used to enhance the strength properties of cellulosic fiber 
networks [7]. In addition, glucuronoxylan isolated from aspen has been used to produce 
films [8, 9] which show improved strength properties when plasticized with xylitol or 
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sorbitol.  Such films have exhibited good oxygen barrier properties with respect to 
control glucuronoxylan films. Höije et al. [10] have shown that arabinoxylan film can be 
prepared from the extracts of barley husks without the need for plasticizers. The resulting 
films were stiff and rather brittle with high water content. Dammström et al. [11] 
prepared composite films of glucuronoxylan reinforced with bacterial cellulose and 
showed that they formed transparent strong films. The use of xylan for the production of 
biodegradable composite films in combination with wheat gluten has been investigated 
[12]. The presence of xylan did not adversely affect the film forming quality or the water 
vapor transmission rate, though the mechanical and solubility properties depended on the 
xylan type, compositions and process conditions.  Acetylated galactoglucomannan 
(AcGGM) hemicellulose was found to be an excellent candidate for making new 
renewable barrier materials [13]. The oxygen barrier permeability of the AcGGM films 
were found to be similar to, or lower than, the values reported on oxygen barrier films 
made from glucuronoxylan [8] and other polysaccharides, such as starch [14], chitosan 
[15] and mixtures of various polysaccharides [16]. The rate of water vapor transmission 
rate is considered to be an important property for many film packaging applications 
because it may influence both shelf life and product stability. Tock et al. [17] has 
reviewed the permeability and water vapor transmission rate properties of commercial 
polymeric films and provided an early overview of how structural changes, such as 
crystallinity, and the presence of plasticizers and lamination could influence the barrier 
properties of polymer films.  
In view of the importance of polymeric barriers, many authors have explored 
ways in which biopolymers including cellulose can be utilized in packaging. Cellulose is 
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the most abundant biomaterial, and a lot of attention is now given to find new ways of 
utilizing this biopolymer to create environmentally benign biobased materials [3, 18, 19-
21]. Cellulose and its derivatives are known to display a variety of structural motifs such 
as nanosized cellulose whiskers and spheres, microsized cellulose fines, cholesteric 
superstructures containing long range order, and hierarchical morphologies like raw 
wood whose elements cover many length scales [22]. It is well known that native 
cellulose, when subjected to strong acid hydrolysis, can be readily hydrolyzed to micro or 
nanocrystalline cellulose (NCC) [7, 23-24]. The length of the nanocellulose crystals is 
dependent on the sample origin but typically they are 100 – 300 nm in length and 5 – 20 
nm in width [25-28]. Nanocrystalline cellulose has high aspect ratio (length/diameter) 
between 30-150 depending on the source from which it is obtained and also the condition 
under which it is isolated [29-30]. NCC has higher strength than steel and higher stiffness 
than aluminum, with its elastic modulus and bending strength being reported as 138-167 
and 10 GPa respectively [31-33]. The properties of nanocomposite materials and their 
property enhancements depend not only on their individual constituents but also on the 
interaction between the matrix and the reinforcing phases and their morphology [34, 35]. 
NCC can provide excellent properties when they are incorporated within a polymer 
matrix and act as reinforcing filler.  
Indeed, it is already known that cellulose whiskers can be used as the 
reinforcement in polymer matrices, and to prepare high strength composite materials 
including composites from polyvinylchloride [36-38], polypropylene [39], 
polyoxyethylene [40-42] and cellulose acrylic latex films [43]. By employing 6% 
cellulose whiskers derived from tunicate cellulose in latex polymerized from styrene and 
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butyl acrylate, it has been possible to produce composite films exhibiting a twofold 
increase in the shear modulus over control films containing no whiskers. Aqueous and 
solvent solution casting is the most common method of preparing cellulose 
nanocomposites [5, 30, 43-46]. However, Oksman and co-workers have utilized a twin 
screw melt-extrusion of cellulose nanocomposites with polylactic acid and cellulose 
acetate butyrate. Lagaron et al. [47] discussed the role of crystalline structure of polymers 
and emphasized that high crystallinity improves barrier properties. Nanocrystalline 
cellulose is greater than 60% crystalline [48-49] and this property together with the 
resulting rigid hydrogen-bonded network of nanocrystalline cellulose can cause an 
increase in tortuosity and reduction of pore size for nanocomposites which may be 
utilized to create high barrier materials. In a recent study, spruce galactoglucomannans 
(GGM) and konjac glucomannan (KGM) were mixed with nanocrystalline cellulose 
(NCC) to study the mechanical and barrier properties of the films [50-51].The system we 
have considered here is xylan-nanocellulose composite system wherein cellulose particles 
are used as reinforcement for improving mechanical and barrier properties of xylan.  
The hypothesis of this thesis is that incorporation of nanocellulose whiskers in the 
traditional “green polymers” can be utilized to develop novel xylan nanocomposite films 
with enhanced structural and physical properties. To verify hypothesis, the work 
presented in the following chapters of this thesis required synthesizing different types of 
composites, described below, for understanding the reinforcement mechanism in xylan-
cellulose composites and factors influencing composite properties. Chapter 4 presents our 
understanding of the influence of nanocellulose whiskers on the mechanical properties of 
plasticized xylan and and the effect of the addition of nanocellulose particles on 
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composite properties. For this, a composite system of xylan and nanocellulose particles - 
was synthesized using solution processing techniques and containing 0-10 % by weight 
of nanocellulose whiskers. Chapter 5 presents the understanding of the influence of 
nanocellulose whiskers on water transmission properties of neat xylan and xylan 
nanocellulose composites and the effect of nanocellulose particle addition on composite 
properties. For this a composite system containing   xylan and nanocellulose particles - 
was synthesized using solution processing techniques and containing 0-50 % by weight 
of nanocellulose whiskers. Chapter 6 presents the study of the influence of types of 
reinforcing agents such as acacia fibers, softwood fibers and cellulose whiskers on 
composite properties. The particle morphology may be changed via hydrochloric or 
sulfuric acid hydrolysis.  This also affects the charge on surface. Xylan films reinforced 
with hydrochloric acid and sulfuric acid prepared nanocrystalline cellulose whiskers were 
then compared against acacia and softwood bleached kraft fibers. The bleached acacia 
kraft fiber has been selected because it is one of the shortest commercially available pulp 
fibers with a weighted length of 0.62 mm and width of ~0.02 mm and yet is 
approximately 4000 orders of magnitude larger than the cellulosic whiskers. This leads to 
xylan and sulfonated nanocellulose whiskers, xylan and hydrochloric acid made 
nanocrystalline cellulose, xylan and softwood fibers and xylan and acacia fibers 
composite samples. Chapter 7 presents the influence of nanocellulose whiskers on 
oxygen transmission properties of neat xylan and xylan nanocellulose composites and the 
effect of nanocellulose particle addition on composite properties. For this a composite 
system of xylan reinforced with nanocellulose particles has been synthesized using 
solution processing techniques and containing 0-50 % by weight of nanocellulose 
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whiskers. Chapter 8 presents results on fundamental studies on the structure-property 
relationship of high strength and barrier nanocomposite films. It also includes results on 
the mechanical properties, transverse relaxation of nanocomposites and the interaction of 
nanofillers with the xylan matrix.  Finally, Chapter 9 summarizes the findings in each 
chapter. 





Cellulose is a biopolymer which is renewable, biodegradable and is considered to be the 
most abundant renewable polymer on Earth [52]. It can be obtained from various sources 
such as trees, algae, fungi, tunicates and bacteria. Cellulose is a polydispersed linear 
polymer consisting of β-D-glucopyranose units linked by a glucoside bond between their 





Figure 1. Molecular structure of cellulose 
 
Cellulose can be considered as a syndiotactic polyacetal of glucose. The C-1 hydroxyl at 
one end of the molecule is an aldehyde hydrate group with enhanced activity. In contrast 
to this, the C-4 hydroxyl on the other end of the chain is non-reducing [53].  The 
chemical character of the cellulose molecule is determined by the β-glucosidic linkage 
between the glucose repeating units, to hydrolytic attack, and by the presence of three 
reactive hydroxyl groups, one primary and two secondary, in each of the base units. 
Nonreducing end Reducing end 
 (DP/2)-2 
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These reactive hydroxyl groups are able to undergo etherification and esterification 
reactions. The main cause for the relative stiffness and rigidity of the cellulose molecule 
is the intra- and inter-intermolecular hydrogen bonding, which is reflected in its high 
viscosity in solution, its high tendency to crystallize and the ability to form fibrillar 
strands [54].  The chain length of cellulose expressed in the number of constituent AGUs 
(degree of polymerization, DP) varies with the origin and treatment of the raw material.  
Acid-chlorite delignification of lignocellulosic material followed by alkali treatment 
technique for cellulose isolation has been used by several studies prior to the 
measurement of cellulose DP [55, 56-60]. Cellulose has to be purified or isolated from its 
native source in order to adequately determine it’s DP [61, 62]. The two most commonly 
used techniques to measure the DP of cellulose are the viscometry and the gel permeation 
chromatography (GPC) methods. Cellulose tricarbanilate (CTC) is the most utilized 
derivative for GPC studies. DP values of several native woody and non-woody cellulose 
samples are listed in Table 1 [63]. It appears from the data in Table 1 and also as stated 
by Kumar et al. that viscometry is more popular in determining DP of cellulose in 
lignocellulosic biomass [55]. The viscometry technique involves dissolving cellulose in 
0.5 M cupriethylenediamine solution. According to the TAPPI T 230 om-08 method, dry 
cellulose is added to distilled water and followed by cupriethylenediamine solution, with 
continuous nitrogen flushing. Shaking and heating might be required to solubilize 
cellulose. The intrinsic viscosity is then measured for the resulting homogeneous 
solution.  A Cannon-Fenske capillary viscometer is used in the measurements. A 
reasonable good approximation to degree of polymerization is obtained by multiplying 
intrinsic viscosity by 190 [64, 65].  The degree of polymerization D.P. = 260[ƞ] Cu Am = 
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260/1.365 [ƞ] C.E.D. = 190.5 [ƞ] C.E.D.  The subscripts CuAm and C.E.D. stand for 
cuprammonium and cupriethylenediamine, respectively. The cellulose DP lies in the 
range of 1500 – 4500 which includes sources from agricultural residues, such as bagasse 
and wheat straw, have lower cellulose DP (~1000) than hardwoods and soft woods, 
which possess higher DP cellulose in the range of 4000–5500.  Hardwoods, such as 
poplar and aspen, have cellulose DP values of 3500 and 4500, respectively. Sweet et al. 
[59] and recently Hallac and Ragauskas et al. [63] reported a DP of 1450 for α-cellulose 
of southern pine, which is significantly less than the DP values reported for hardwoods. 
The molecular weight distribution of α-cellulose of southern pine was measured by gel 
permeation chromatography. The DP for α-cellulose of southern pine was determined by 
dividing the measured molecular weight of the cellulose tricarbanilate by the molecular 
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Table 1. DP of native and non-woody celluloses [55, 66-69]. 
Species Measurement Technique DP 
Native Southern Pine CTC and GPC 1450 [59, 63] 
DDGS Cuen and Viscometry 2243 
Corn kernels Cuen and Viscometry 1693 
Dhaincha Cuen and Viscometry 2520 
Cotton stalk (cellulose isolated 
using steam explosion 
technology) 
Cuen and Viscometry 1820 
Jute fiber Cuen and Viscometry 3875 
Wheat straw Cuen and Viscometry 2660 
Rice straw Cuen and Viscometry 1820 
Corn stover Cuen and Viscometry 2520 
Poplar Cuen and Viscometry 3500 
Aspen Cuen and Viscometry 4581 
Nalita (12 months) Cuen and Viscometry 3181 
Nalita (18 months) Cuen and Viscometry 3383 
Nalita (24 months) Cuen and Viscometry 3518 
Nalita (30 months) Cuen and Viscometry 3611 
 
 In agricultural residues DP varies over a range of 1800-4000. The isolation of cellulose 
from cotton stalk was done using steam explosion technology at 220 °C for 5 min and 
this biomass was found to have a DP of 1820. Cellulose in jute fiber has a large DP value 
when compared to corn kernels, cotton stalks, wheat straw, and rice straw. It is therefore 
important to keep in mind that the length of polymer chains varies according to the 
source of cellulose or even with respect to the part of the fiber where analysis is 
performed [70].  
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2.2.1 Crystalline Structure of Cellulose 
Cellulose is known to exist in several crystalline forms.  Cellulose I, the dominant form 
in nature [71], consists of a microfibrillar crystalline array of linear β-1, 4-glucan chains, 
all of which are oriented parallel to one another with the same polarity [72]. The 
cellulose I allomorph is the thermodynamically metastable form of cellulose [73]. There 
are two known suballomorphs of cellulose I first discovered by Atalla & VanderHart in 
1984 [74] using NMR and later confirmed by Wada et al. [75] using electron diffraction 
(cellulose Iα and cellulose Iβ).  The 
13C CP-MAS spectra of cellulose Iα has singlets at C-1 
and C-6 and a closely spaced doublet at C-4.  The cellulose Iβ has doublets at C-1, C4 and 
C-6.  Of these two forms, cellulose Iβ is thermodynamically more stable.  The two forms 
of celluloses in which Iα is dominant in celluloses from lower plants on the other hand Iβ 
is dominant in celluloses from higher plants where the major component is secondary 
wall [74]. Table 2 summarizes the Iα fractions in specimens of various origins [76]. 
Nishiyama et al. [50] reported that tunicin, the cellulose from tunicate—a sea animal—
consists of nearly pure (around 90%) Iβ phase. On the contrary, freshwater alga 
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Table 2. Iα fractions in specimens of various origins [76]. 
 
Sample      Iα fraction    
 
Cladophora      0.76      
Valonia ventricoa    0.64      
Boergisenia foebesii    0.55      
Annelaed cladophora    0.24      
Glaucocystis sp    0.90 
Tunicin     0.10 
Western yellow pine    0.62 
Yellow cedar     0.62 
Eucalyptus     0.68 
Tanbark-oak     0.56 
 
Cellulose Iα has a triclinic one-chain unit cell where parallel cellulose chains stack, via 
van der Waals interactions, with progressive shear parallel to the chain axis. Cellulose Iβ 
has a monoclinic two-chain unit cell, which means parallel cellulose chains are stacked 
with alternating shear [77]. Furthermore, it has been shown that cellulose Iα transforms 
into cellulose Iβ without losing its crystallinity, by hydrothermal treatment [78-80] or by 
treatments with various solvents. In these two lattices, i.e., Iα and Iβ, the conformation of 
the polysaccharide chains is similar although the hydrogen-bonding pattern is different 
[48].  Both phases show hydrogen bonding only between polymer chains inside a layer of 
chains. Figure 2a and 2b shows atomic arrangement and hydrogen bonding network in 
cellulose Iα and cellulose Iβ [50]. 
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(a)                                          (b) 
Figure 2. (a) Atomic arrangement and hydrogen bonding network in cellulose Iα. 
Hydrogen bonding is indicated by dotted lines (b) hydrogen bonding network in cellulose 
Iβ [50] 
 
Cellulose I is responsible for mechanical properties of reinforced composites due 
to its high modulus of elasticity and crystallinity. Table 3 summarizes the degree of 
crystallinity and the lateral dimension of elementary fibrils from several cellulose 
samples measured by X-ray diffraction (XRD). 
Table 3. Degree of crystallinity (WC) and lateral dimension (D) of elementary fibrils 
from 
several cellulose samples [81- 84, 45]. 
 
Sample      WC, %     D, nm 
 
Natural softwood/hardwood cellulose  60-62     3-4 
Isolated sulfite cellulose   62-63      5-6 
Isolated Kraft cellulose   64-65      6-7 
Natural cotton cellulose    68-69      5-6 
Isolated cotton cellulose    70-72     7-8 
Natural flax or ramie cellulose   65-66      4-5 
Isolated flax or ramie cellulose  67-68      6-7 
Bacterial cellulose     75-80      7-8 
Algae cellulose     75-80      10-15 
 
  14 
 
2.2.2 Amorphous Regions 
Besides the crystalline region, cellulose also has bundles of amorphous regions [85]. 
Amorphous cellulose is also located between cellulose microfibrils [86].  In the 
amorphous regions the cellulose chains are randomly oriented in a spaghetti-like 
arrangement leading to a lower density in these domains [87]. This makes the amorphous 
regions susceptible to attack by acids. Wide-angle X-ray scattering has been used to study 
possible structures for amorphous cellulose. Diffraction studies show light and dark areas 
along a cellulose microfibril, which have been attributed to crystalline and amorphous 
cellulose, respectively [85]. Cellulose from cotton has a high amount of crystalline 
cellulose and a small amount of amorphous cellulose. On the other hand, regenerated 
cellulose has relatively higher amount of amorphous cellulose. The high amorphous 
fraction in cellulose means high accessibility of chemicals to cellulose structure. A 
schematic of amorphous cellulose and crystalline cellulose is shown in Figure 3. 
Disordered domain (DD) represents amorphous cellulose and ordered region is crystalline 
cellulose [86]. In the amorphous or less ordered regions the cellulose chains are not so 
tightly packed and thus they are more available for hydrogen bonding to other molecules 
such as water. 
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Figure 3. Schematic of amorphous cellulose and crystalline cellulose [86] 
In nature, cellulose chains forms microfibrils due to hydrogen bonding between hydroxyl 
groups of adjacent molecules, within which highly ordered crystalline regions alternate 
with less ordered amorphous regions [33].  The molecular arrangement of these fibrillar 
bundles is called microfibrils, within which highly ordered crystalline regions alternate 
with less ordered amorphous regions [33]. The microfibrils are about 10-30 nm wide and 
containing cellulose molecules of a degree of polymerization from 2 × 103 to 6 × 103 
[33]. The range of microfibrils diameter of various cellulose samples are listed in Table 4.  
Figure 4 shows the schematic of hierarchical structure of wood [88]. 
Table 4. Range of diameters of microfibril of various cellulose samples [89]. 
Sample Microfibril diameter (nm) 
Bacterial cellulose 4-7 
Cotton linters 7-9 
Ramie 10-15 
Dissolving pulp 10-30 
Valonia cellulose 10-35 
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Figure 4. The schematic of hierarchical structure of a wood from wood to nanoscale [88] 
Since the cell walls differ in their composition and in the orientation of the 
microfibrils, the mechanical properties of cellulose fibers depend on the cellulose content 
and the spiral angle of the fibril. The modulus of elasticity of the perfect crystal of 
cellulose has been calculated by several authors and it has been estimated to lie between 
130 to 250 GPa, while the tensile strength is assessed to be approximately 0.8 to 10 GPa 
[90].  
 The wood pulp fibers have multiscale characteristics; roughly typical lengths of 
fibers are 1 to 2 mm for hardwood, 3 to 7 mm for softwood and typical widths are 10 to 
50 µm [91]. The dimensions of fibers derived from different sources are shown in Table 
5.  High resolution electron micrographs of negatively stained specimens of cellulose 
show that the microfibrils are comprised of regular subfibrils, termed “elementary” 
fibrils, which have a width of 35 Å. The microfibrils of Valonia  (algal) cellulose have 
cross-sectional dimensions of  ~200 X100 Å and cotton microfibrils vary in width from 
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~100 to ~500 Å. The major differences between celluloses from different sources occur 
in the packing of the elementary fibrils within the microfibril; this packing is expected to 
be dictated by the biosynthesis conditions. Crystallite widths which lie between the 
elementary and microfibril widths occur for most celluloses. It has been suggested that 
when the elementary fibrils are assembled to form the microfibril, some lateral 
fasciations occurs giving rise to the larger crystallites. It is clear that many of the physical 
and mechanical properties of cellulose materials will depend on the nature of this array. 
Table 5. Length and width of selected natural fibers [92]. 
Species Fiber length, mm Fiber width, µm 
           Acacia              0.62-0.75                                     0.02 
Aspen 0.7-1.6 20-30 
Kenaf (Core) 0.4-1.1 18-37 
Kenaf (Bast) 1.4-5.0 14-23 
Southern Yellow 











  The fiber wall thickness is roughly between 1 and 5 µm (Figure 5). The fiber wall is 
composed of defined layers (Figure 5b), including the primary wall (P) and several 
secondary wall layers (S1, S2 and S3). Each of these layers is characterized by a specific 
arrangement of fibrils. Chemical pulp fibers have a surface, which is characterized by a 
particular pattern created by wrinkles and microfibrils in the outer layers of the fiber wall 
structure (Figure 5a). The S2 layer is characterized by a structure of microfibrils 
organized in a helical manner [93]. Using transmission electron microscopy researchers 
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have attempted to disintegrate cellulose fibers into single microfibrils/elementary fibrils 
for ultra structural studies.   
 
 
Figure 5. Structure of wood pulp fibers. (a) The network of microfibrils covering the 
outer wall layer. (b) Microtomed cross section showing the S1, S2 and S3 layers. (c) 
Cross-sectional fracture area, showing the microfibrils in the S2 layer. Reproduced with 
modification from Chinga-Carrasco [91] 
 
2.3 Cellulose Whiskers 
In the 1950s, Ranby reported for the first time that colloidal suspensions of cellulose 
nanocrystals can be obtained by controlled sulfuric acid-catalyzed degradation of 
cellulose fibers [94, 95-97]. Crystal dimension and degree of crystallinity of elementary 
fibrils from several cellulose samples are dependent on the origin of cellulose. Algal and 
tunicate cellulose microfibrils yield nanocrystals that are several micrometers in length 
whereas wood microfibrils yield much shorter nanocrystals of only a couple of hundred 
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nanometers [20]. Cellulose whiskers from wood are 3-15 nm in width and 100-200 nm in 
length, while those for Valonia, a sea plant, are reported to be 20 nm in width and 1000-
2000 nm in length. Likewise, the average dimensions of crystallites produced from cotton 
are about 4-10 nm in diameter and 100-300 nm in length [29] and tunicate, a sea animal, 
gives particles of ca. 10-20 nm in width and 500-2000 nm in length [ 98]. The length and 
width of cellulose whiskers obtained from various sources are listed in Table 6. 
Morphologies of cellulose nanowhiskers have been studied by several authors. A few 
representative images drawn from published literature are shown in Figure 6. The 
hydrolysis of cellulose with strong hydrochloric or sulfuric acid induced a rapid decrease 
of its degree of polymerization (DP) toward a lower value – the so called level-off DP 
(LODP) – that remained constant for quite a while, even during prolonged hydrolysis. 
The value of LODP has been shown to depend on the cellulose origin: typical values of 
250 being recorded for hydrolyzed cotton, 140 –200 for bleached wood pulp and up to 
6000 for the highly crystalline Valonia cellulose.  These individual crystallites 
(nanofibrils) have been calculated to have tensile strength of 10 GPa and modulus of 150 
GPa [99]. The bending strength that is nearly one-sixth of the corresponding value (63 
GPa) for carbon nanotubes whose tensile strength is predicted to be as high 300 GPa at 
modulus of 1 TPa [100-101]. The moduli and the specific moduli (modulus/density) of a 
number of commonly used engineering materials are reported in Table 7, which show 
that the specific modulus of crystalline cellulose exceeds engineering materials such as 
steel, concrete, glass and aluminium.  
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Table 6. Examples of the Length (L) and Diameter (D) of CNs from various sources 
obtained by different techniques. 
 
Source L (nm)                 D (nm)                                Reaction
Conditions 
Ref 
Bacterial   100-1000            10-50                                       65% sulfuric 
acid;75°C 
[102] 
 100-1000            5-10 × 30-
50                               
 [103], [ 104]        
Cotton 100-150              5-10                                        65% sulfuric acid, 
60 min, 45°C 
[105] 
 70-170               ~ 7                                  64% sulfuric acid, 
120 min, 60°C 
[106] 
 200-300               8 64% sulfuric acid, 
120 min, 45°C 
[107] 
 255 15  [108] 
 150-210               5-11  [109] 
Cotton linter 100-200 10-20  [110] 
 25-320                 6-70  [25] 
 300-500               15-30  [111] 
Microcrystalline 
Cellulose 
35-265                3-48                                           63.5% sulfuric
acid,2 hour 
[25] 
 250-270               23  [112] 
 ~500                    10  [113] 
Ramie 150-250               6-8  [114] 
 50-150                 5-10  [115] 
Sisal 100-500 3-5 65% sulfuric acid, 




10-20                                          55% sulfuric acid, 
20 min, 60°C 
[116,117] 
Tunicate 500- 1-2 
microns 
10                                          55% sulfuric acid, 




15 60%, 30 min, 
65°C 
[118] 
 1- several 
microns               
10-20 nm 55%, 20 min, 
60°C 
[119] 
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(a)                                                                      (b) 
               
              (c)                                                                          (d) 
 Figure  6.  Transmission electron microscopic images of cellulose whiskers from a 
dilute suspension of hydrolyzed (a) cotton [3], (b) sugar-beet pulp [3] (c) tunicin [3] and 
(d)   bacterial cellulose [45]  
 








(GPa mg-1 m3) 
Reference 
Aluminum  69 2.7 26 [121 ] 
Steel 200 7.8 26 [121] 
Glass 69 2.5 28 [121] 
Cellulose 
whiskers 
138 1.5 92 [122] 
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2.4 Cellulose Whiskers Preparation 
Araki et al. [123] compared the effects of using sulfuric acid or hydrochloric acid to 
produce stable suspensions of cellulosic nanocrystals.  Sulfuric acid provides more stable 
aqueous suspensions of nanocrystals than hydrochloric acid [123]. The use of sulfuric 
acid results in esterification of the surface hydroxyl groups of cellulose nanocrystals to 
give charged sulfate groups [14, 20, 95].  It has been suggested that the introduction of 
negative charge on the surface of sulfuric acid-prepared nanocrystals gives more stable 
dispersion [52] than hydrochloric acid prepared cellulose nanocrystals which have a 
lower surface charge.  HCl-whiskers of SW kraft pulp were reported to be approximately 
180 nm in length and 3.5 nm in width, while cotton yielded HCl-whiskers were around 
100 nm in length and 5-10 nm in width [123, 124, 125]. The acid hydrolysis of cellulose 
fibers is a heterogeneous acid diffusion process wherein the hydronium ions are able to 
penetrate the less ordered amorphous domains of cellulose chains and promote the 
hydrolytic cleavage of the glycosidic bonds. The reaction proceeds until all the accessible 
glycosidic bonds are hydrolyzed [126]. Dong et al. have shown that a temperature of 45 
°C and time of 60 min provide optimum conditions to achieve complete hydrolysis of the 
amorphous regions of cellulose to produce particle lengths in the order of 200 nm [73]. 
Recently, cellulose nanowhiskers were also prepared by sulfuric acid hydrolysis of cotton 
fiber [127], microcrystalline cellulose (MCC) [128-129] and sisal fiber [130] by 
following the same general procedure described above.   
A comprehensive compilation of preparative conditions employing sulfuric acid 
hydrolysis and the average dimensions of cellulose nanowhiskers derived from different 
sources is shown in Table 8.   
  23 
 
Table 8. Dimensions of cellulose nanowhiskers prepared under different sulfuric acid 






























































141+ 6×3.0+ 0.3 
120+ 5×4.9+ 0.3 




























Sisal 65 15 60 16.2 ~250×4 
 

























  24 
 
The penetration of H3O
+ ions into the crystallites and the actual cleavage of the 
glycosidic bond depend on the hydrolysis conditions, including the type of the acid used, 
duration and temperature of hydrolysis as well as acid concentration [137].  The probable 
mechanism of acid hydrolysis is depicted in Figure 7. Hydrolysis of cellulose with 
sulfuric acid involves protonation of glucosidic oxygen (path 1) or cyclic oxygen (path 
2), followed by dissociation of glucosidic bonds induced by the addition of water (Figure 
7) [126].  This hydrolysis process yields two fragments with shorter chains while 
preserving the basic nature of the chain polymer. Beside chain scission, cellulose 
hydrolysis with sulfuric acid also involves esterification of the hydroxyl groups. The 
presence of sulfate groups on the cellulose nanocrystal surfaces results in negatively 
charged surfaces above acidic pH. A colloidal gel was observed at the beginning of 
dialysis when the cellulose nanocrystals suspension was still acidic, then disappeared as 
the pH became neutral with the removal of the residual acid.  
 In suspension, cellulose nanocrystals have a strong propensity to align along a 
vector director because of their rigid rod-like shape.  This alignment produces a 
macroscopic birefringence that can be directly observed through crossed polarizers. The 
first observation of the birefringent nature of cellulose nanocrystals was made by 
Marchessault et al. [138].   When the cellulose nanocrystals suspension reaches a critical 
concentration a chiral nematic ordered phase displaying optical characteristics can be 
formed [106,139].  A colloidal gel is observed at the beginning of dialysis when the 
cellulose nanocrystals suspension is still acidic, then it disappears as the pH becomes 
neutral with the removal of the residual acid. In order to avoid the possible desulfation of 
the sulfate groups on the surface of the cellulose nanocrystals, ultrasonic treatment was 
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carried out in an ice bath [126]. The degree of sulfonation relies highly on the acid to 
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Table 9. Effect of sulfuric acid (72%, w/w) hydrolysis condition on the degree of 




Reaction time, min Sulfur contenta,% Degree of 
substitutionb 





































aSulfur content is the percentage of sulfur groups based on the total number of hydroxyl 
and sulfur groups;  bdegree of substitution (DS) is calculated as the average number of 
hydroxyl groups in the anhydroglucose that are substituted in the particular product 
 
The effect of hydrolysis condition on the appearance of cellulose nanowhiskers 
suspension is illustrated in Table 10 [131].  
Table 10. Effect of hydrolysis condition on the appearance of cellulose nanowhiskers  
suspension [131]. 
 
Sample T, ºC Appearance of the suspension  Yield, % (w/w) 
1 25 White with pulp particles  89.8 
2 25 Ivory white, viscous 34.4 
3 45 Ivory white, viscous 43.5 
4 65 Yellow, very viscous 48.1 
5 65 Black N/A 
 
  27 
 
Depending on reaction conditions, the appearance of the whiskers suspension could be 
white with some starting pulp particles (low yield), ivory white viscous suspension 
(optimal), yellowish or even black viscous suspension (over hydrolyzed) [131]. A 
temperature of 45 °C yielding an ivory-white suspension in one hour was considered to 
be optimal for the production of cellulose nanowhiskers via sulfuric acid hydrolysis. The 
effect of temperature and time of hydrolysis and the duration of the subsequent 
ultrasonication on the properties of cellulose nanowhiskers were investigated [131] 
according to an experimental setup illustrated in Table 11.  
Table 11. Effect of sulfuric acid hydrolysis time at 45 °C on the sulfur content and length 
of cellulose nanowhiskers [131]. 
 
Sample Hydrolysis time, 
min 
Sulfur content Whisker length, nm 
1 10 0.53 390 
2 20 0.50 332 
3 30 0.58 276 
4 45 0.62 226 
5 60 0.69 197 
6 120 0.74 179 
7 240 0.75 177 
 
It was also found that the total sulfur content and surface charge of nanowhiskers 
gradually increased upon increasing the hydrolysis reaction time from 10 to 240 min at 
45°C. The average whisker size decreased in the early stage of the hydrolysis and a 
relatively stable dimension was achieved after 1 hour as summarized in Table 12. 
Compared to the hydrochloric acid procedure, sulfuric acid hydrolysis needs lower 
temperature and acid to cellulose ratio, and less time to produce whiskers of similar 
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dimensions. Moreover, it was proposed that the static electrical repulsion between 
negatively charged sulfate anions resulted in a more stable suspension instead of easily 
aggregated whiskers and it was the same reason given for the time independence of 
suspension viscosity [141]. 
Table 12. Effect of ultrasonic treatment on the length and surface charge of cellulose 
nano whiskers [131]. 
 
Treatment time, min Whisker length, nm Sulfur content 
1 214 0.484 
2 205 0.487 
3 182 0.482 
10 183 0.489 
20 176 0.507 
40 182 0.503 
 
Also, although the particle size decreased during the first 5 min of ultrasonic 
treatment, no further change was observed upon extended treatment [131]. Formation of 
well separated grass cellulose nanowhiskers was reported by Korean scientists [142]. 
While 15 min ultrasonication gave nanowhiskers, 5 min ultrasonication resulted in only 
40-50 nm thick agglomerates.  Subsequently, Beck-Candanedo et al. [20] also 
investigated the effect of hydrolysis time on the properties and behaviors of cellulose 
nanowhiskers. In these studies, bleached black spruce sulfite pulp and bleached 
eucalyptus kraft pulp were treated with 64% (w/w) sulfuric acid at 45 °C at two acid-to-
pulp ratios for two reaction (see table 13 for details). It was shown that longer hydrolysis 
time produced shorter, less polydispersed whiskers while increased acid to cellulose 
ratios reduced whiskers dimensions. Chiral nematic pitch decreases with increasing 
cellulose concentration and decreasing nanocrystal length. Above a critical concentration, 
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the suspensions spontaneously form an anisotropic chiral nematic liquid crystal phase 
[20]. The effect of reaction conditions on suspension properties is shown in table 14. 
Table 13. Experimental conditions: Reaction time and acid-to-pulp ratios [131]. 
 
Sample Pulp source Reaction time, 
min 
acid-to-pulp ratios   mL/g 
E eucalyptus 25 8.75 
S1 black spruce 25 8.75 
S2 black spruce 45 8.75 
S3 black spruce 45 17.5 
 
Table 14. Effect of reaction conditions on suspension properties. 
 E S1 S2 S3 
     
nanocrystal 
length, L 
147±7 nm 141±6 nm 120±5 nm 105±4 nm 
standard 
deviation in L 
65 nm 60 nm 45 nm 36 nm 
nanocrystal 
diameter, D 
4.8±0.4 nm 5.0±0.3 nm 4.9±0.3 nm 4.5±0.3 nm 
axial ratio, L/D 30.6 28.2 24.5 23.3 












4.6 wt % 4.8 wt % 5.3 wt % 6.9 wt % 
chiral nematic 
pitch, P 
21µm 18µm 10µm 7µm 
 
To optimize the isolation of cellulose nanowhiskers, Bondeson et al. performed a series 
of acid hydrolysis experiments with MCC prepared from Norway spruce sulfite pulp 
using a response surface methodology [128]. Factors included in the study were 
hydrolysis time, temperature, acid concentration, acid to cellulose ratio, and ultrasonic 
treatment duration. The dimension and yield of whiskers served as an experimental 
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response factors. A summary of this is shown in Table 15. Briefly, the optimal condition 
was determined to be sulfuric acid concentration of 63.5% (w/w), acid to cellulose ratio 
of 10 mL/g, and 130 min hydrolysis at 44 °C followed by approximately 30 min 
ultrasonic treatment, which produced whiskers of 200 to 400 nm in length and less than 
10 nm in width and a yield of 30% of the initial weight. 





















1  5 44.1 10 40 30 19.34 93 
2 5 44.1 10 80 10 9.12 88 
3 5 64.8 10 40 10 38.68 91 
4 5 64.8 10 80 30 10.82 47 
5 5 44.1 120 40 10 14.30 94 
6 5 44.1 120 80 30 7.01 92 
7 5 64.8 120 40 30 0.11 34 
8 51 64.8 120 80 10 - 0 
9 15 44.1 10 40 10 22.36 95 
10 15 44.1 10 80 30 8.53 90 
11 15 64.8 10 40 30 14.91 73 
12 15 64.8 10 80 10 12.69 23 
13 15 44.1 120 40 30 13.80 95 
14 15 44.1 120 80 10 6.88 86 
15 15 64.8 120 40 10 0.18 18 
16 15 64.8 120 80 30 - 0 
17 10 55.1 65 60 20 7.93 82 
18 10 55.1 65 60 20 8.15 178 
19 10 55.1 65 60 20 7.84 78 
 




Hemicellulose is defined as the alkali-soluble material after the removal of pectic 
substances from plant cell walls [137]. Hemicelluloses usually account for 20 to 30% 
w/w of the dry weight of wood. The composition and structure of the hemicelluloses in 
softwood differ in a characteristic way from those in hardwoods [143]. The main function 
of the hemicelluloses is to crosslink the cellulose fibrils with the lignin matrix. In contrast 
to cellulose, the hemicelluloses are heteropolysacharides, with their monomeric 
components consisting of anhydrohexoses (D-glucose, D-mannose and D-galactose), 
anhydropentoses (D-xylose and L-arabinose) and anhydrouronic acids (D-glucuronic 
acid, D-galacturonic acid). Most hemicelluloses have a DP of only 50-300. Four main 
groups of hemicelluloses may be defined according to their primary structure: 
xyloglycans (xylans), mannoglycans (mannans), β-glucans, and xyloglucans [144]. In 
most cases xylans consist of a β (1-4)-D-xylopyranose backbone with side groups on the 
2- or 3- position. Nonbranched homoxylans with (1-3, 1-4) or (1-3) glycosidic linkages 
occur in certain seaweeds. Heteroxylans include glucuronoxylans and arabinoxylans as 
well as structures with more complex substitution patterns often referred to simply as 
heteroxylans. Glucuronoxylans have a side chain on the 2-position of either α-D-
glucuronic acid or its 4-O-methyl derivative, while arabinoxylans are substituted on 
position 2 and/or 3 with R-L-arabinofuranosyl residues. In softwood, the principal 
hemicelluloses are galactoglucomannans (about 20%). Their backbone consists of a 
linear chain built up by (1-4) linked D-glucopyranose and (1-4) linked D-mannopyranose 
units. The α-D-galactopyranose units are linked as a single unit side chain to the 
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Figure 8. Main constituents of hemicellulose 
 
β 1-4 
β 1-4 glucan 
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Representative data providing analyses of carbohydrates are summarized in Table 
16. The chemical composition of acacia is summarized in table 17. The hemicellulose 
content, the main heteropolysaccharides and their degree of polymerization (DP) are 
summarized in Table 18 in case of hardwoods (HW) and softwoods (SW) [145-146]. 
Xylan is a predominant hemicellulose component found in plants and in some algae. 
Xylan represents about 10–15% in softwoods, about 10–35% in hardwoods and about 
35–40% of the total mass in the residues of annual plants, such as oat spelts [147]. 
 
Table 16. Relative distribution of hemicellulose sugars in select wood resources. 
*Salmen and Olsson 1998; Ebringerova et al. 2005. 
** mass sugar units/mass dry wood 
Wood*  
Species 










































0.12 0.09 0.03 0.01 0.12 0.13 28.8 
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Table 17. Chemical composition of Acacia.  
 
 Relative abundance, % 
dry wooda 
 
Ashes                                                       
Extractives 
Ethanol/Toluene                                               
Dichloromethane                                              
Methanol/water                                                
Lignin 
   Klason lignin                                                    
   Acid soluble lignin                                          
Holocellulose                                                  
Cellulose 
(Kurschner-Hoffer)                       
Pentosans                                                         
Neutral 
monosaccharidesc 
Rhamnose                                                        
Arabinose                                                       
Xylose                                       
Mannose                                                           
Galactose                                                       
Glucose                                                         























   
aExtractive-free wood, except for extractive content,   b Corrected for pentosans content, 
 
c Determined as anhydrous monosaccharide 
 
Table 18. Relative amount (%) and degree of polymerization of major hemicelluloses in 
case of different softwood and hardwood species. 
 
Material Hemicellulose content Degree of polymerization 






















~70                     
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Oat spelts are residues of oat flakes production.  They contain high amounts of 
xylan and have relatively low lignin content.  Hence this material is an interesting source 
for the isolation of xylan. Some aspects about the structure of xylan from oat spelts were 
discussed by Saake et al. [148]. These authors reported that molar masses for xylan from 
oat spelts lie around 22,000 g/mol [148]. The natural polymers cellulose, lignin and 
hemicellulose could be detected in the untreated oat spelts by micro Raman spectroscopy, 
a rapid method determining the constituents of the spelts [147].  Hettrich et al. [147] 
reported that for an isolated oat spelts xylan the average molecular mass was 79,200 
g/mol. The author also reported a low crystallinity of oat spelts xylan as measured by x-
ray method. The diffractograms did not show any discrete Bragg reflexes indicating that 
the sample was amorphous [147].  
 
2.6 Polymer Nanocomposites 
 
The field of polymer nanocomposites is a rapidly expanding area of research generating 
new materials with novel properties [149]. Several new materials have been developed 
within the last decade incorporating nanosized filler materials in polymer matrices. Use 
of nanomaterials has proven to confer various advantages like improved mechanical, 
thermal and barrier properties compared to nonfilled polymers. These effects are largely 
due to their high interfacial area, their aspect ratio, their extent of dispersion and 
percolation, which occur when the filler particles are present in quantities above the 
threshold where they start interacting [132]. Nanomaterials like glass fibers, carbon 
nanotubes, exfoliated clay, and cellulose nanocrystals have been successfully employed 
as fillers in polymer matrices and some systems are being commercialized [122, 150]. 
One application area for these materials is barrier films, where the nano-sized fillers 
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impart enhanced mechanical and barrier properties. Research in this area is evolving 
rapidly to enhance the barrier properties and to overcome certain limitations like 
durability, weight, robustness, flexibility and packing volume. The most extensively used 
filler nanomaterial is highly exfoliated clay, whose high surface area provides beneficial 
barrier and mechanical properties [25, 26].  Films with good thermal resistance and 
stiffness were obtained with the introduction of <5% clay in polymer matrices such as 
polyester, polyimide, polypropylene, poly (ethylene terephthalate) and poly (vinyl 
chloride) [25, 27, 28, 29, 30]. 
2.6.1 Cellulose Whiskers Nanocomposite 
 
Bionanocomposites are bio-based nanocomposites and can be defined in two ways (i) it 
could designate nanocomposites as materials made from renewable nanoparticles (e.g., 
cellulose whiskers and microfibrillated cellulose) and petroleum-derived polymers like 
PP, PE, and epoxies. However, nanocomposites derived from biopolymers (e.g., 
polylactic acid and polyhydroxyalkanoate) and synthetic or inorganic nanofillers (e.g., 
carbon nanotubes and nanoclay) also come under bionanocomposites [5, 121].  
The use of cellulose nanoparticles (e.g., whiskers and microfibrillated cellulose) 
as reinforcement in nanocomposites is a relatively new area of interest. Besides the low 
cost of the raw material, the use of cellulosic particles as a reinforcing phase in 
nanocomposites has numerous well-known advantages e.g., low density; renewable 
nature; wide variety of fillers available throughout the world; low energy consumption; 
high specific properties; modest abrasivity during processing; biodegradability; relatively 
reactive surface which can be used for grafting specific groups and almost unlimited 
availability [3, 102-106]. 
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During recent years, efforts have been made to use nanocrystals obtained from 
polysaccharides as reinforcing agents in polymer matrices. Studies by Pu et al. [43] have 
shown improvements in strength properties of acrylic films using cellulose whiskers.  
Comparable results have been reported employing styrene and butyl acrylate, poly 
(vinylchloride) [36-38], polypropylene [39], and polyoxyethylene [40-42] which were 
have been beneficially reinforced with cellulose whiskers. Table 19 shows examples of 
strength property improvement of different polymer matrices incorporated by cellulose 
whiskers [133,151-155]. 
 
Table 19. Strength property improvement of different polymer matrices incorporated by 
cellulose whiskers [133,151-155]. 
 
Matrix % of whiskers Tensile strength improvement % 
as compared to control 
Soy Protein 20 +41.301  
SoyProtein 20 +86.42  
Polyurethane 6 +102 
Polyurethane 10 +120 
Xylan from oat 
spelts 
7 +141 
Poly(vinyl alcohol) 5 +28 
1RH: 43%, 2RH:86.4% 
 
Nanocomposites obtained by casting a mixture of latex and an aqueous suspension of 
cellulose whiskers have also been studied [29]. Their mechanical properties (e.g. shear 
modulus) are found to increase by more than three orders of magnitude in the rubbery 
state of the polymer matrix, when the whisker content is 6 wt%. This large and unusual 
effect is discussed on the basis of different types of mechanical models. A 
phenomenological mechanical model based on percolation concepts was introduced, 
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which assumed that the behavior of the composite is driven mainly by the mechanical 
properties of the cellulose network [29,156-158]. Recent studies of ethylene oxide-
epichlorohydrin copolymer/ microcrystalline cellulose (EO-EPI)/MCC nanocomposites, 
which achieve the maximum mechanical reinforcement predicted by the percolation 
model. The materials reported display significantly improved mechanical properties, 
which are of interest in their own right [159].The reinforcement observed in the cotton 
nanowhisker nanocomposites is demonstrated before[159] related to the formation of a 
percolating nanofiber network in which stress transfer is facilitated by hydrogen-bonding 
between the nanowhiskers. Under these circumstances, the mechanical properties can be 
predicted by calculations obtained using a percolation model [29]. Within the framework 
of the model, shear storage moduli (Gc′) can be expressed as [160-161] 
Gc













Ψ= Xr [(Xr-Xc)/ (1-Xc)]
0.4 
where ψ is the volume fraction of nanowhiskers that participate in the load transfer, Xr is 
the volume fraction of the randomly orientated filler, G′s is the experimentally determined 
shear storage modulus of the neat EO-EPI (1.6 MPa), and Xc is the critical whisker 
percolation volume fraction calculated by 0.7/A. A is the aspect ratio of the filler (10.5 for 
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2.7 Model Studies 
 
In the past, different models have been used like Rule of Mixture (ROM) series model, 
Halpin Tsai model, Paul model and percolation model based on fish net network to 
explain the improvement in strength properties of the composite materials [162-165]. 
Instron and DMA modulus data were fitted to three existing models [162]. The equations 
for volume fraction, ROM, Halpin-Tsai and Paul model are given below.  
The volume fraction of filler was calculated using equation 1 
 
Vf   =  (Wf/ρf )/[( Wf/ρf) +( Wm/ρm)]  (1) 
 
where, Wf, Wm – weight of fiber and matrix, Ρf,– density of fiber (1.4 g/cm
3) [166], ρm – 
density of matrix (1.25g/cm3) [167]  
Ratio of mixing series model 
Modulus of composite with ROM series model was calculated using equation 2. It 
gives the modulus as the combination of the modulus of the fiber and the matrix by 
taking volume weighed average of the individual phase properties. This model assumes 
that the reinforcement has uniform size and the applied load produces equal strains in 
both matrix and the reinforcement. The latter assumption is similar to considering two 
phases in parallel. The rule of mixtures model best simulates an orthotropic material 
loaded uniaxially in the direction of reinforcement [168]. 
 E = Ef Vf + Em Vm  (2) 
where, Vf  and Vm – volume fractions of fiber and matrix respectively and Ef  and Em – 
fiber and matrix modulus respectively. 
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Halpin-Tsai model 
The Halpin-Tsai model has been proven to work well with different reinforcement 
geometries such as fibers, ribbons and flakes. The model was developed for predicting 
the modulus of unidirectional composite material as a function of aspect ratio of the 
reinforcement. 
E/Em = [1 + ξƞΦf] / [1 - ƞΦf]  (3) 
where E is modulus of composite, Em is modulus of matrix, Ef  is modulus of filler, ξ  is 
shape factor and Φ is volume fraction and ε is given by, 
η = [Ef / Em -1]/ [Ef / Em +ξ]   (4) 
 For continuous fiber composites, ξ → infinity the Halpin-Tsai equation reduces to 
the same form as the rule of mixtures. Shape factor ξ (= 2 (l/d)) is defined as the 
geometry of filler materials giving a measure of particle reinforcement geometry and this 
particular form of ξ is used for calculating the longitudinal modulus. Various geometries 
of fillers and their shape factors are summarized at Table 20. 
 
Table 20. Various geometries and their shape factors. 
 
The modulus of cellulose nanowhiskers reinforced nanocomposites can be 
expressed using tube geometry shape factor. When cellulose nanowhiskers are aligned 
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parallel to tensile test direction, longitudinal shape factor can be applied to the model. On 
the other hand, transverse shape factor can be used if cellulose nanowhiskers are aligned 
vertical to the tensile test direction. If the alignment of cellulose nanowhiskers in matrix 
is isotropic, the modulus of nanocomposites is expressed as the fractional summation of 
EL and ET in equation 5. 
E = 3/8 (EL) +5/8( ET)    (5) 
where EL is the longitudinal modulus and ET is the transverse modulus. The modulus 
with Paul model was fitted using equation 6. This model is best suited for irregular 
shaped reinforcement, e.g. microcrystalline cellulose particles or hydrolyzed  
microcrystalline cellulose particles 
E/Em = [Em + (Ed – Em)Vd
2/3




 )]    (6) 
where, E, Em, Ed = modulus of composite, matrix and reinforcement respectively and 
Vd = volume fraction of particulate reinforcement. The following assumptions were made 
when fitting data with any given model,  
1. The cellulose particles are uniformly dispersed in the matrix  
2. Particles have uniform shape and size  
3. Good interfacial interactions exists between matrix and cellulose particles  
4. Matrix is free of voids  
5. Initially there are no residual stresses in the matrix  
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Percolation model 
When the loading ratio of fillers increases, the interaction between fillers should 
be considered in mechanical properties of nanocomposites. Cellulose nanowhiskers show 
relatively large interactions between particles because of the high aspect ratio of the 
particles and strong hydrogen bonds. To understand better a mechanical percolation 
effect is tried to model the mechanical behavior of the composite studied by two-
dimensional finite element approach. The 2-D handmade meshes similar to fish net 
network is created from a random distribution of whiskers as shown in Figure 9. 
 
Figure 9. Piece of finite element mesh corresponding to an area fraction of whiskers 
equal to 7.3%; thick lines correspond to whiskers and thin lines correspond to triangular 
elements representing the matrix [169] 
 
Percolation theory considers various parameters such as particle-particle interactions, 
orientation of particles and aspect ratio. In the percolation approach, the elastic modulus 
EC of the composites is given by equation 7 
EC = [(1-2Φ + ΦVR) Es ER + (1-VR) ΦER
2] /(1-VR)ER + (VR-Φ)ES  (7) 
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where subscripts S and R refer to the soft phase (polymeric matrix) and rigid phase 
(cellulose nanowhiskers), respectively. V and E are the volume ratio and elastic modulus 
of given phases. ϕ and VRC defined as 
Φ = 0    for VR <VRC 
Φ = vR [(VR - VRC)/(1- VRC)]
b
  for VR > VRC 
VRC = 0.7/ (L/D) 
where b = 0.4 for a 3D network.VRC  is the percolation threshold which means the lowest 
volume ratio of cellulose nanowhiskers that can be considered as a percolating phase. It 
was found that percolation theory agrees well with experimental data above Tg + 50°C 
[170-171]. Figure 10 is the logarithmic plot of the relative tensile modulus of various 
cellulose nanowhiskers nanocomposites measured at Tg + 50°C. Black and white circles 
are experimental data. A dotted line is the percolation model value and a solid line is 
Halpin-Tsai model prediction [3]. 
 
Figure 10. The logarithm plot of the relative tensile modulus of various cellulose 
nanowhiskers nanocomposites measured at Tg + 50°C [3, 40-41]. 
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The moduli calculated by the Halpin-Kardos mean field approach (solid line) do 
not fit at all with the experimental data, whereas moduli, estimated by a percolation 
approach (dotted line) is in good agreement with the mechanical measurements.  For 
values of Xr lower than Xc whiskers get connected in small and isolated aggregates and 
the model is reduced to a Series model. As soon as Xr > Xc an “infinite” cluster begins to 
merge resulting in a jump of the theoretical shear modulus 
 
2.8. Biodegradable barrier films 
 
Biobased films have generated increasing interest to replace petrochemical based films in 
light of their ready availability, sustainability, limited environmental impact and 
simplified end-of-life disposal issues [2, 3, 5, 18]. High barrier packaging materials 
require low oxygen permeability with good mechanical strength. Replacing existing 
oxygen barriers such as aluminum and synthetic polymers with biopolymers is an 
interesting research topic. In recent years, increasing societal concerns have accelerated 
efforts to develop new ways to utilize biopolymers such as polysaccharides, proteins and 
lipids to create biodegradable films due to their ready availability, sustainability and 
reduced end-of-life environmental concerns [5, 18]. As a general rule, fats are used to 
reduce water transmission; polysaccharides are used to control oxygen and other gas 
transmission, while protein films provide mechanical stability [172]. These materials can 
be utilized individually or as mixed composite blends to form films. Early studies 
examined the use of chitosan, starch and cellulose derivatives to address these challenges 
and were shown to have good film forming properties [8].  Many naturally occurring 
polysaccharides and their derivatives such as starch, cellulose, chitosan, alginates, 
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carrageenan, pectinate, and various naturally occurring gums have been proposed for use 
in coating and film formulations. Typically, polysaccharide films possess poor 
mechanical and barrier properties [173-174], and plasticizers are normally added to 
improve the strength of the films and aid in stabilizing the film network [175-176].  Table 
21 shows the barrier and mechanical properties of polysaccharide films. 
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Xylan, which is one the most common hemicelluloses and the most abundant 
polysaccharide in nature after cellulose, is an attractive resource for film production [178-
180]. Höije et al. have shown that arabinoxylan film can be prepared from the extracts of 
barley husks without the need for plasticizers [10]. Films were prepared by mixing 1 g of 
the isolated 
fractions with 35 mL of deionized water during magnetic stirring at 95.8 °C for 15 min. 
The solutions were poured onto polystyrene petri dishes, and films were allowed to form 
upon drying at a temperature of 23.8 °C and a relative humidity (RH) of   50%. The films 
were stored in these conditions until analysis. The resulting films were stiff and rather 
brittle with high water content. Dammström et al. [11] prepared composite films of 
glucuronoxylan reinforced with bacterial cellulose. The glucuronoxylan was dissolved in 
water and heated under stirring at 95.8 °C for 15 min. The glucuronoxylan was then 
added to the microfibril suspension and the blend was left under stirring for 30 min at 
room temperature. The resulting gel was distributed among three polystyrene petridishes, 
and dried at 23.8 °C, 50% relative humidity. The film containing only glucuronoxylan 
was prepared from a pure glucuronoxylan solution heated at 95.8 °C for 15 min, poured 
into a polystyrene petri-dish and dried at the same conditions as the composite films. The 
resulting composite films showed a transparent stronger film as compared to control 
glucuronoxylan films.  Peng et al. [182] recently explored the mechanical properties of 
xylan-rich hemicelluloses and cellulose nanofibers composite films. The tensile testing 
results of the films produced are shown in table 22.  
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Table 22. Mechanical properties of xylan-rich hemicelluloses isolated from holocellulose 
of bamboo and cellulose nanofibers composite films [182]. 
 
Sample CNF (wt %) Tensile strength 
       (MPa) 
Young’s modulus  
(MPa) 
1 0 11.9± 0.9 735± 87 
2 5 15.5± 1.2 1322± 98 
3 10 20.2± 2.3 1578± 128 
4 15 28.9± 1.9 2355± 121 
5 20 39.5± 2.2 3404± 138 
6 100 150.4± 5.7 17212± 298 
    
 
The use of xylan for the production of biodegradable composite films in 
combination with wheat gluten has been investigated [12]. The presence of xylan did not 
adversely affect the film forming quality or the water vapor transmission rate, though the 
mechanical and solubility properties depended on the quantity of xylan in the wheat 
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 Table 23.  WVTR of composite films [12]. 
Film treatment  
Wheat gluten: Xylan 
pH Xylan source              Drying conditions 
Room conditions      80 °C and      
                                        35%  
RH 
10:0 11 Birchwood 6.4±0.4 6.5±0.5 
9:1 11  6.0±0.0 6.0±0.3 
8:2 11  6.8±0.0 6.5±0.5 
7:3 11  7.0±0.1 6.6±0.5 
8:2 11 Corncob 7.1±1.7  
8:2 11 Grass 7.2±0.0  
 
Recently, acetylated galactoglucomannan (AcGGM) hemicellulose was found to 
be an alternative material for making new renewable barrier materials [183]. The oxygen 
barrier permeability of the AcGGM films was found to be similar to, or lower than, the 
values reported for oxygen barrier films made from glucuronoxylan [184] and other 
polysaccharides, such as starch [185], chitosan [186] and mixtures of various 
polysaccharides [187]. Table 24 shows the oxygen permeability of biopolymer films. 
Glucuronoxylan, isolated from aspen wood, when plasticized with xylitol or sorbitol has 
been used to produce films that exhibit improved strength and oxygen barrier properties 
with respect to control glucuronoxylan films [188-190].  Hartman et al. reported oxygen 
permeability values of 2.0 cm3 µm m-2 day-1 kPa-1 for GGM-sorbitol film [190]. The 
oxygen barrier properties of films obtained from a mixture of O-acetyl-
galactoglucomannan and either alginate or carboxymethylcellulose were also studied. 
The reported values of oxygen permeability of GGM/alginate/glycerol blend were 4.6 
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(cm3 µm)/ (m2 d kPa) [17]. The oxygen permeability of the GGM films was lower than 
that of glycerol-plasticized amylose and amylopectin films [191], but not as low as that of 
sorbitol-plasticized aspen glucuronoxylan films [188, 189]. The oxygen permeability of 
oat spelt arabinoxylan films plasticized with 40% sorbitol was 4.7 (cm3 µm)/ (m2 d kPa), 
which is slightly lower than that of GGM films [191].  Biobased free-standing films and 
coatings with low oxygen permeability of 1 (cm3 µm)/ (m2 d kPa) have been also 
prepared from a wood hydrolysate [192].  
 
Table 24.   Oxygen Permeability Data on Plasticized Glucuronoxylan Film and 
Comparable Values for Plasticized Starch Polymers, Ethylene Vinyl Alcohol, and Low 
Density Polyethylene.  
 
 
Sample                                        Oxygen Permeability (cm3 µm)/ (m2 d kPa) 
GGM-sorbitol                          2.0            [190] 
GGM/alginate/glycerol blend             4.6            [190] 
Oat spelt arabinoxylan films plasticized with 40% sorbitol          4.7            [191]  
Biobased free-standing films and coatings from a wood hydrolysate       1.0           [192]  
Amylose with 40 wt% of glycerol            7.0               [10]  
Amylopectin with 40 wt% of glycerol          14.0              [10]  
Poly (vinyl alcohol) (PVA)            0.21               [10]  
Low-density polyethylene (LDPE)          1870              [10]  
 
Miranda et al.  studied  water vapor transmission values of chitosan film 
plasticized with sorbitol, glycerol or polyethylene glycol reporting values from 1.3-
1.5×10-3 [g/(m2. h. Pa)] [193]. The goal was to decrease the water vapor permeability and 
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to improve the mechanical properties of chitosan films. Miranda et al. also discussed that 
in hydrophilic films, water molecules interact with polar groups in the film structure, 
causing plasticization or swelling, which, in turn results in varying permeability [194]. 
Aydinli and Tutas [195] determined WVP of 6.3–11.6×10-8 [g/ (m. h. Pa)] for 
polyethylene glycol-plasticized locust bean gum as compared to 6.2-11.6 ×10-5[g .mm/ 
(m2. h. Pa)] reported by Mikkonen et al. [196].  The WVP of sorbitol-plasticized oat spelt 
arabinoxylan films studied by Mikkonen et al. [197] using a fan-equipped desiccator was  
4.5×10-5 [g. mm/ (m2. h. Pa)], while Péroval et al. [198] reported a value of   63.7×10-8 [g/ 
(m. h. Pa)] for corn arabinoxylan films. The water vapor transmission values of 
biopolymer films are listed in Table 25. 
 
Table 25. Water vapor transmission values for biopolymer films. 
Sample                 Water vapor transmission values 
Chitosan film plasticized with  
sorbitol/glycerol/polyethylene glycol  1.3-1.5×10-3 [g/ (m2. h. Pa)]  [193]  
 
Polyethylene glycol-plasticized  
locust bean gum    6.3–11.6×10-8  [g/ (m.h.Pa)]   [195]  
 
Sorbitol-plasticized oat spelt  
arabinoxylan films    4.5×10-5 [g. mm/ (m2. h. Pa)]      [197]  
 
Corn arabinoxylan films           63.7×10-8 [g/ (m. h. Pa)]             [198]  
 
The mechanical performance of the films prepared from xylan alone is low because the 
films are rather brittle and too fragile to handle, which is a well-known issue for 
obtaining films from pure hemicelluloses. The poor film-forming ability is attributed to 
the insufficient chain length of the polymer, high glass transition temperature. The glass 
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transition temperature of xylan has been estimated to be around 180 °C which might 
explain the poor film formation at room temperature. To suppress the glass transition 
temperature and to form cohesive films, plasticizers are added like xylitol and sorbitol. 
Plasticizers work by embedding themselves between the chains of polymers, spacing 
them apart and thus significantly lowering the glass transition temperature for the plastic 
and making it softer. However, even with the plasticizers, the mechanical properties of 
these films have been considered to be poor. Nanocellulose whiskers (NCW) have been 
studied as reinforcements of various synthetic and natural polymer matrices [199-201] to 
improve the strength properties of the nanocomposites. They have a high bending 
strength of 10 GPa, an elastic modulus of 143 GPa [202, 203] and form a rigid hydrogen-
bonded network. The properties of nanocomposite materials and the enhancement of 
these properties, depend not only on their individual components but also on the 
interaction between the matrix and the reinforcing phases and their morphology [204].   
Lagaron et al. [47] discussed the role of crystalline structure of polymers and emphasized 
that high crystallinity improves barrier properties. Nanocrystalline cellulose is greater 
than 60% crystalline [48-49] and this property together with the resulting rigid hydrogen-
bonded network of nanocrystalline cellulose can cause an increase in tortuosity [205]. 
Recent studies by Saxena et al. have shown that xylan films reinforced with NCWs can 
reduce water and oxygen permeability by greater than +70% while increasing physical 
strength properties by +50% with respect to control xylan/sorbitol film by the addition of 
5-10% of NCWs [181,206-207]. 
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2.9 Migration Process 
Several important parameters need to be defined to describe diffusion processes in 
relation to films. Migration between two adjacent volumes separated by a layer or 
membrane occurs in three basic steps. In the first step, the diffusing molecule comes in 
contact with surface of the layer or membrane, and is adsorbed onto it. In the second step, 
the molecule then diffuses through the thickness of the layer or membrane. Lastly, once 
the diffusing molecule reaches the other side of the layer or membrane, it will desorb. 
Rate of adsorption and desorption is dependent on the affinity between the diffusing 
molecule and membrane (film) components, especially for water migration. Despite 
surface effects noted previously, the most dominant factor in molecular migration is bulk 
effect – rate of diffusion of molecules while in the membrane or film. In an ideal case, 
amount of given material (Q) passing through a film can be determined by Fick’s law of 
diffusion in equation 8: 
Q = PA∆pt / d   (8) 
where Q increases in direct proportion to film surface area (A), and decreases with its 
increasing thickness (d). Increasing partial pressure difference (∆p) of migrating 
molecules between two sides of the membrane and time (t) also linearly affects total 
amount of permeate. Permeability coefficient (P = DS), with D = diffusion coefficient 
(D) and S = solubility coefficient. In an ideal case, P is a constant determined by 











Tortuosity is the ratio of actual distance traveled between two points to the minimum 



















2.11 Tortuosity calculation 
 
Required parameters (units specified as mass, volume, length, and area) 
 
ρ = density (mass/volume) – from pycnometry 
Vtot = total pore volume (volume/mass) 
K = permeability (area) 
 







































,=−            (11) 
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Carniglia et al. [209] has derived a simple expression for calculating the tortuosity 
factor of porous media.  While this expression was derived using Fick’s first law of 
diffusion and is convenient to calculate, the use of this correlation is severely limited by 
the data required to calculate the tortuosity factor. For nonintersecting cylindrical pores 















This correlation is limited to values of τ ranging from 1 to 2.2. A generalized correlation 
has also been developed, however the generalized method requires diffusivity data for the 
system and conditions of interest (temperature and pressure). It is worth noting that if this 
diffusivity data is available, tortuosity factor can be calculated directly from equation 12. 









































ε = pore shape exponent, Carniglia has assigned a value of 1 for cylinders. 
Vtot = total pore volume 
ρb = bulk density 
S = total BET surface area 
∆Vi = change in pore volume within a pore size interval 
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2.12 Summary 
The aim of this thesis is to produce bionanocomposites, where both the reinforcement and 
the matrix are bio based. Cellulose whiskers combined with hemicelluloses xylan will 
lead to the development of a new class of biodegradable and environmental friendly 
nanocomposites. The new family of nanocomposites shows remarkable improvement in 
mechanical and barrier properties when compared to control xylan films. This new class 
of renewable nanocomposites can capture new market in packaging application. The 
structure and properties of the films were characterized by means of tensile testing, 
optical microscopy, scanning electron microscopy, wide angle x-ray diffraction, nuclear 
magnetic resonance (NMR), fourier transform infrared spectroscopy. In order to test the 
barrier properties, further barrier evaluation was applied using oxygen and water vapor 


























MATERIALS AND METHODOLOGIES 
 
In this chapter the detailed procedures and description is given for the materials used, 
processing techniques employed and instruments used for preparation and 
characterization of samples the results of which are reported in the subsequent chapters. 
The procedures used for cellulose whiskers synthesis, xylan-cellulose whiskers 
nanocomposite are also given in this chapter 
3.1 Materials 
Oat spelt xylan and sorbitol were obtained from Aldrich and used as received. Oat spelt 
xylan was determined to contain 81.0 % xylose, 9.8 % arabinose and 7.6 % glucose. 
Molecular weight of xylan used was Mn of 2.45× 103 and Mw of 1.42 × 105. A 
commercial elemental chlorine-free (ECF) softwood (SW) kraft pulp, manufactured in 
the southeastern USA, was employed for all studies and fully bleached acacia kraft pulp 
were also used as received. The arithmetic mean length and curl of acacia kraft fibers and 
softwood fibers were 0.653 ±0.028 mm, 0.088 ±0.005 and 2.276 ±0.052 mm, 0.089 
±0.006 mm respectively as determined using a Fiber quality analyzer (FQA).  Dialysis 
tubes were purchased from Spectrum Labs. All other reagents and solvents were 
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3.2 Processing 
3.2.1 Solution processing of xylan-sulfonated nanocellulose whiskers nanocomposite 
film 
Xylan composite films were formed by adding an aqueous suspension of sulfonated 
whisker suspension to xylan (0.25 g). The solid whisker content in the whisker 
suspension used was 0, 2.5, 5, 7, 10, 15, 25, 50 wt% of the total mixture of xylan, 
whisker and sorbitol. The deionized (DI) water used was 35mL. The plasticizer, sorbitol 
(0.25 g, 1.37 mmol) was added to the mixture with stirring and then heated to 95 ºC for 
15 min. The solution was then poured into teflon petri dishes and allowed to dry at room 
temperature for three days.  The film had a thickness of 0.080 ±0.007mm. The resulting 
thickness of xylan films reinforced with sulfuric cellulose whiskers was 0.091 mm 
±0.002 mm thick. 
3.2.2 Solution processing of xylan- hydrochloride nanocellulose nanocomposite film 
Xylan composite films were formed by adding an aqueous suspension of hydrochloride 
generated whiskers to xylan (0.25 g) dissolved in water (35.00 ml). The solid whisker 
contents in the whisker suspension used was 0, 2.5, 5, 7, 10 wt% of the total mixture of 
xylan, whisker and sorbitol. The plasticizer (0.25 g, 1.37 mmol) was added to the mixture 
with stirring and then heated to 95 ºC for 15 min. The solution was poured into teflon 
petri dishes and was allowed to dry at room temperature for three days. The film with 
xylan-10% hydrochloride nanocrystalline cellulose had a thickness of 0.096 mm and the 
standard deviation of 0.005 mm. 
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3.2.3 Solution processing of xylan- kraft softwood fiber and acacia reinforced films 
Xylan composite films containing ECF bleached kraft softwood and acacia fibers were 
prepared with the same procedure used to form xylan- nanocrystalline cellulose 
composite films except that the cellulose whiskers were replaced with bleached softwood 
kraft fibers or acacia fibers. The thickness of resulting composite films for xylan-5%, 
10% softwood fiber film was 0.154mm, 0.244 mm with standard deviation of 0.005 mm 
and the xylan-10% acacia fiber was 0.0886 mm with standard deviation of 0.065 mm, 
respectively. 
3.3 Preparation of sulfonated cellulose whiskers 
Nanocrystalline cellulose was prepared following the procedure outlined by Pu [30]. In 
brief, softwood kraft pulp was ground in a Wiley mill to pass through a 20-mesh screen. 
The acid hydrolysis of the milled pulp was accomplished with 64 wt % sulfuric acid at 
45°C for 45 min with stirring.  The reaction was halted by adding a 10-fold excess of 
deionized (DI) water. After standing overnight, the water was decanted and the settled 
cellulosics were collected with a minimal amount of water.  Excess acid was removed 
with a water wash (200 ml), and centrifuged for 20 min at 11,000 rpm.  The aqueous 
phase was discarded and the wash cycle was repeated an additional two times. The solids 
suspension was then dialyzed against DI water for 3 days using regenerated cellulose 
dialysis tubing with a 12000-14000 molecular weight cut off until the pH of the solution 
reached 7. Sonication was performed on the neutral nanocrystalline cellulose solution for 
35 min with an Ultrasonic Processor GEX- 500 sonicator with standard titanium alloy 
probe (tip diameter 1.27 cm) at 28 Watts power input while immersed in an ice bath. The 
average yield of nanocrystalline cellulosic was 35%.  
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3.4 Conductometric titration method: Charge determination  
Conductometric titration was used to measure the bulk charge on nanocrystalline 
cellulose following the method described by Katz (1984) [31]. A known amount of 
nanocrystalline cellulose (0.31% of suspension containing 0.50 g of whisker) was taken 
and mixed with 5.00 ml of 0.01 M NaCl before measurement. The solution was titrated 
with 0.05 M NaOH.  
The change in conductivity was recorded with a conductometer. The bulk charge for 
the nanocrystalline cellulose was found to be 9.73 mmol acid groups/100 g.  The bulk 
carboxylic acid group content of the fibers was measured by conductometric titration 
methodology. Air-dried fibers equivalent to 1.50 g of oven-dried fibers were added to 
300.00 mL of 0.10 M HCl and stirred for 1 h. The pulp was filtered using a vacuum flask 
and then washed with at least 400 mL of deionized water.  The washed pulp was treated 
with 0.001 M NaCl and 1.50 mL of 0.10 M HCl, stirring and bubbling nitrogen through 
the solution. The treated pulp was finally titrated with 0.05 M NaOH in 0.25 ml aliquots. 
The change in conductivity was recorded with conductometer. The bulk charge for the 
starting cellulose fibers was found to be 3.82 mmol carboxylate groups/100 g.  
3.5 Preparation of hydrochloride nanocrystalline cellulose  
An aqueous suspension of hydrochloric nanocrystalline cellulose was prepared following 
the procedure outlined by Araki et al. [18-19]. Fully bleached softwood kraft pulp with 
7% wet-basis moisture content was Wiley milled to pass through a 0.5 mm mesh screen. 
A sample of this ground pulp (36.00 g, oven-dried weight) was treated with an aqueous 
4.0 N HCl solution (2600 mL) at 80˚C for 8 h. The reaction was terminated by diluting 
the mixture with deionized water (8 L). After standing overnight, the clear supernatant 
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was decanted and the settled cellulosics were diluted with deionized water (8 L) and then 
allowed to settle.  This procedure was repeated until the pH of the supernatant was 
approximately 3. The cellulosics were then transferred to a series of dialysis tubes 
(Spectra/Por membrane, MWCO 50K) and dialyzed with against deionized water for 
several days until the solution pH was > 4 and the supernatant became turbid. The 
cellulosics were next sonicated with an Ultrasonic Processor GEX-500 for 2 min 
followed by centrifugation at 3,000 rpm for 5 min. The turbid supernatant was decanted, 
the sediment was dispersed in deionized water, sonicated for 2 min and re-centrifuged. 
This procedure was repeated until the supernatant become clear. The cellulosic 
suspensions were concentrated by centrifugation at 11,000 rpm for 25 min and the clear 
supernatant was discarded, resulting in a final consistency of 1.57% for the whiskers. The 
concentrated whisker suspension was used directly to form nanocomposites. The 
gravimetric yield of HCl generated whiskers was 7~10%.  The HCl generated whiskers 
had an absence of strong acid groups but weak acid groups of 1.4 mmol/100 g.  
 
3.6 Characterization Techniques 
3.6.1 Mechanical Properties 
Film samples were cut into dimensions of 3.81 cm x 1.27 cm and conditioned at 50% 
relative humidity at 23.0 °C for 1 day. The conditioned samples were tested on an Instron 
4400 R Universal Testing Machine (Model 1122, Instron Corp., USA) with a cross-head 
speed of 4.23 ×10-4m/s at 23 °C temperature. The applied load (f) was recorded as a 
function of sample elongation (l-lo). The tensile strength σ and strain ε of the material was 
calculated as σ = f/a, and strain ε = (l-lo)/lo, respectively where a was the sample cross-
sectional area, lo the sample initial length and l the length at breaking.  The averages of 
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tensile energy absorption (TEA), tensile strength and strain at failure were obtained. The 
percentage of error as determined by Percentage error = (Standard Deviation / Mean) × 
100 was less than 10 %.   
3.6.2 Water vapor transmission rate (WVTR) 
The technique used to measure water vapor transmission rate (WVTR) was a 
modification of the wet cup method described by ASTM E 96-95. The procedure 
involves using a Petri dish filled with distilled water and covered with a film. The mass 
of water lost from the dish was monitored as a function of time. Thickness measurements 
of the films were obtained with a digital gauge at a minimum of five positions on a test 
specimen. The glass petri dish was filled with distilled water (10.00 mL) and then the 
film was sealed to the petri dish with a 5-minute epoxy adhesive. After allowing the 
epoxy to cure for 30 min, the sample dish was weighed and placed in a convection oven 
at a setting of 37.0 ºC in the oven. The sample dish was periodically removed and 
weighed. The weight loss over a period of 24 h was determined. The water vapor 
transmission rate was calculated using: WVTR=mass of water lost/time×area = flux/area 
with units of g h -1 m
-2. The percentage of error as determined by Percentage error = 
(Standard Deviation / Mean) × 100. 
3.6.3 Oxygen permeability analysis 
The oxygen transmission of the films was measured using a Mocon Ox-Tran 2/21 l 
apparatus (Modern Controls Inc., Minneapolis, USA) with a coulometric sensor in 
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3.6.4 Mercury intrusion porosimetry analysis 
Micromeritics' AutoPore IV 9500 Series was used to measure the porosity, bulk density, 
and average pore diameter and tortuosity factor of the control and nanocomposite films. 
3.6.5 Conductometric titration 
The bulk charge on the sulfonated and hydrochloride whiskers was determined using the 
method described by Katz. The change in conductivity was recorded with a VWR 
Portable Conductivity Meter (Model 2052).  
3.6.6 Atomic force microscopy (AFM) analysis 
The composite films were analyzed using a Dimension 3100 scanning probe microscope 
and Nanoscope IIIa controller. The images were acquired in tapping mode in air using a 
1-10 ohm-cm phosphorus (n) doped silicon tip with frequency of 150 kHz.  
3.6.7 Optical microscopy analysis 
The composite films were mounted on microscope slides and examined with Leica 
DMLM optical microscope. Bright-field images were collected with a transmitted light 
detector.  
3.6.8 Scanning electron microscopy (SEM) 
 The cross-section and surface morphology of the composite films were analyzed by 
Hitachi S800, thermally assisted field emission (TFE) scanning electron microscope 
(SEM).  The samples were sputter-coated with gold prior to examination.  
3.6.9 Transmission electron microscopy (TEM) 
Drops of 0.005 wt % cellulose microcrystal suspensions were deposited on carbon coated 
TEM grids. The specimens were then negatively stained with 2% uranyl acetate and 
observed with a JEOL 100CX transmission electron microscope using an acceleration 
voltage of 100 kV. 
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3.6.10 Nuclear Magnetic Resonance (NMR) Analysis 
 NMR samples were prepared with films conditioned overnight at 100% relative humidity 
and then packed into 4-mm cylindrical ceramic MAS rotors.  Solid-state NMR 
measurements were carried out on a Bruker Avance-400 MHz spectrometer operating at 
frequencies of 100.55 MHz for 13C NMR experiments using a 4-mm Bruker double-
resonance MAS probehead at spinning speeds of 10 kHz. CP/MAS experiments utilized a 
5 µs (90°) proton pulse, 2.0 ms contact pulse, 4 s recycle delay and 4-8 K scans. A 10 Hz 
exponential line-broadening apodization was applied. Line-fitting analyses of the spectra 
were performed using NUTS NMR Data Processing software (Acorn NMR, Inc). In some 
cases, averages and standard deviations in parentheses were reported for two replicate 
films. 
3.6.11 XRD (X-ray Diffraction) 
Wide Angle X-ray Diffraction (WAXD) patterns were obtained on a Philips X’pert 
diffractometer equipped with X’celerator using Cu Kα radiation. The patterns were 
recorded on the prepared films at 45 kV and 40 mA. The pattern was taken over a range 
of 2θ from 5 to 40° with a step size of 0.02°. The films were prepared as discussed 
previously and were put on low background holder for XRD measurement. 
3.6.12 Fourier Transform Infrared Spectroscopy (FT-IR) 
FT-IR analysis was performed in an absorbance range of 4000-500 cm-1, to compare the 










In this chapter xylan based composites reinforced with cellulose whiskers are 
studied. The goal was to understand the effects of cellulose whiskers addition on the 
mechanical properties of the composite and also to evaluate the effect of reinforcing 
xylan films with cellulose whiskers made from sulfuric acid hydrolysis and hydrochloric 
acid hydrolysis. 
The majority of engineered plastic materials used today are made from synthetic 
polymers. The use of conventional petroleum-based polymer products creates potential 
problems due to their non-renewable nature and ultimate disposal. Cellulose and its 
derivatives, when used in bioplastic applications, often offer advantages with respect to 
ready availability and limited environmental impact [3-5]. Lignocellulosic fibers can also 
be used as a viable alternative to inorganic/mineral based reinforcing fibers in 
thermoplastic materials.  During recent years, efforts have been made to use nanocrystals 
obtained from polysaccharides as reinforcing agents in polymer matrices. Studies by Pu 
et al. [43] have shown improvements in strength properties of acrylic films using 
cellulose whiskers and comparable results have been reported employing styrene and 
butyl acrylate, poly (vinylchloride) [36-38], polypropylene [39], and polyoxyethylene 
[40-42]. 
Xylan which is the most abundant of the hemicelluloses found in the cell wall of 
the land plants has also been used to enhance the strength properties of cellulosic fiber 
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networks [7]. A review of the literature indicates that surface xylans play an important 
role in a variety of physical strength properties of paper [7, 18, 210]. In addition, 
glucuronoxylan isolated from aspen have been used to produce films [8-9] that can be 
improved in strength properties when plasticized with xylitol or sorbitol. Dammström et 
al. [11] prepared composite films of glucuronoxylan reinforced with bacterial cellulose 
and showed that they formed transparent strong films. The objective of this study is to 
evaluate the effect of reinforcing xylan films with cellulose whiskers. The effect of 
adding cellulose whiskers to xylan is studied. Influence of cellulose whiskers made by 
hydrolysis via sulfuric acid and hydrochloric acid method are discussed and their effects 
on the mechanical properties are compared. 
4.2 Results and discussion 
An aqueous suspension of sulfonated cellulose whiskers was prepared following the 
literature procedures outlined by Pu et al. [43]. Cellulosic fibers were hydrolyzed with 64 
wt % sulfuric acid at 45 °C for 45 min. The resultant hydrolyzed products were purified 
by ultracentrifugation, followed by dialysis with Spectra/Por membranes. Hydrochloride 
generated cellulose whiskers was prepared following the literature procedure outlined by 
Araki et al. [123-124]. Their studies demonstrated that HCl treatment of bleached 
softwood kraft pulp yielded 180 x 3.5 nm whiskers and the same procedure was used in 
this study. The charge on the cellulose whiskers was measured using conductometric 
titration. The bulk charge on the sulfonated whiskers was found to be 9.73 mmol acid 
groups/100 g which is contrasted to the charge of the starting kraft fibers being 3.82 
mmol acid groups/100 g. This increase in acid groups is due to the strong acid groups 
introduced by esterification of cellulose hydroxyl groups to sulfonate groups [123] during 
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the sulfuric acid catalyzed hydrolysis of pulp fibers. In contrast, the HCl generated 
whiskers had an absence of strong acid groups but weak acid groups of 1.4 mmol/100 g. 
Due to the lack of bulk charge on the HCl whiskers, the rod like particles of cellulose 
whiskers can contact and interact extensively with each other leading to the formation of 
loose and bulky aggregates [124]. The average yield of sulfonated cellulosic whiskers 
was 35%. By AFM analysis, nanocrystalline cellulose was observed to have rod like 
structure with an average length of sulfuric nanocrystalline cellulose in range of 150–
200nm and a width of less than 20nm while hydrochloric nanocrystalline cellulose had an 
average length of 200–300nm and a width slightly less than 20 nm. 
Films prepared from xylan alone have poor film forming ability which has been 
attributed to high glass transition temperature or poor solubility [8]. Plasticizers such as 
sorbitol have been added to suppress the glass transition temperature [8]. Plasticizers 
work by embedding themselves between the chains of polymers, spacing them apart and 
thus significantly lowering the glass transition temperature for the plastic and making it 
softer. 
4.2.1 Mechanical Properties 
 The effects of reinforcing xylan films with sulfonated and hydrochloride 
cellulosic whiskers were explored by varying the whisker content from 0 to 10% by mass 
and using 50 wt% of sorbitol. Plasticizer content was varied from 20% to 50 % (20, 40 
and 50 wt %) and it was observed that films formed at low plasticizer levels, less than 50 
wt%, were brittle with low tensile strength and no further studies were preformed on 
these samples.  
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We then maintained this level of addition of plasticizer for all of our experiments 
and just varied the whisker content from 0 and 10 wt % (i.e., 0, 2.5, 5, 7, 10 wt of 
whisker) to carry out an analysis of physical properties with variations in whisker 
content. The composites were characterized for tensile energy absorption (TEA), tensile 
strength and strain, as summarized in Figures 11-13. The evaluation of tensile testing of 
the xylan-whisker composite film showed that the addition of cellulose whiskers resulted 
in an improvement in the strength properties of the composite film. Addition of 7 % of 
sulfonated whisker increased the tensile energy absorption of the film increases by 445 % 
and tensile strength of the film increases by 141 %. The addition of 5% of HCl whisker 
resulted in almost the same improvement in tensile strength and tensile energy absorption 
of the composite film as sulfonated whisker, but the addition of more than 5% of HCl 
whisker, caused a gradual decrease in strength properties. The tensile energy absorption 
of the composite film made of sulfonated whisker increased rapidly up to 7% mass 
addition and then a gradual improvement in strength properties with further addition of 
sulfonated whiskers. We also studied the tensile stiffness of xylan films and found that 
tensile stiffness of control xylan was 5.50 N/mm as compared to 8.20 N/mm of xylan-5% 
sufonated whisker and 27.59 N/mm of xylan-10% sulfonated whisker. Favier reviewed 
that the increase in mechanical properties can be attributed to strong hydrogen-bonded   
fish net network which is created from a random distribution of whiskers as shown in 
Figure 14 [169]. 
As recently reviewed by Samir et al. [3], the improvements in mechanical 
properties of the composite can be attributed to the formation of a rigid hydrogen-bonded 
network of cellulose whiskers that is governed by percolation mechanism. These 
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considerations and the importance of the aspect ratio of whiskers are contributing factors 






















Figure 11. Effect of whisker on TEA of the xylan film 
 































Figure 12.  Effect of whisker on tensile strength of xylan film 
 

































Figure 14. Piece of finite element mesh corresponding to an area fraction of whiskers, 
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The specific density of xylan films was calculated and is summarized in Table 26. 
 
Table 26. Specific density of xylan films. 
 
 Sample    Specific density of xylan films (g/cm3) 
 Control (Xylan)      0.737 
 Xylan +5% sulfonated cellulose whiskers   0.756 
 Xylan+10% sulfonated cellulose whiskers   0.762 
. 
The resulting film thickness of xylan-sulfonated whisker film was 0.080±0.007 mm and 
for xylan-hydrochloride whiskers composite film was 0.087±0.005 mm.  
 
4.2.2 Morphology of the composite films 
The morphology of the composite films was analyzed by atomic force microscopy 
(AFM). The results are presented in Figure 15-16. AFM images of composite films show 
that the surface was not smooth instead composed of small nodules. The nodules were 
tightly connected to each other, forming a nodular structure. The functional pores were 
primarily the interstitial voids between closely packed nodules. Similar nodular structures 
were also reported for other hemicelluloses based films [211] as well as films from other 
polymers such as cellulose [212], cellulose acetate [213], starch [214]. Gabrielii et al. 
reported that the film obtained from xylan and chitosan showed a very smooth surface 


































(c)      (d) 
Figure 15. AFM images of film (a) control xylan from oat spelts (b) 7% sulfonated 
whisker reinforced (c) 10 % sulfonated whisker reinforced (d) 7% sulfonated whisker 
reinforced sample imaged after tensile testing. 
 
     
 
(a)     (b) 
 
 
Figure 16. AFM images of film (a) 2.5% hydrochloride whisker reinforced (b) 10 % 
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AFM images were collected with tapping mode in air and are amplitude images. The 






(Zi-Zave), N)  
where N is the number of points in the area examined, Zi is the current height value,Zave 
is the average height value, and Rrms, is the root-mean square of the standard deviation for 
the height (Z) data. 
 
Table 27. Statistical data for the composite films. 
 
Sample Roughness Average Standard Deviation 
Control xylan 16.3, 20.2,22.3 19.6 3.0 
+7%  sulfonated 
whiskers 
12.9,13.9,12.2 13.0 0.9 
+5%  hydrochloride 
whiskers 
49.8,66.8,56.7 57.8 8.6 
+10%  hydrochloride 
whiskers 
95.4,51.1,37.0 61.2 30.5 
+7%  sulfonated 
whiskers after tensile 
testing 




The improvement in strength properties were attributed to a rigid hydrogen-bonded 
network of hydrogen bonded cellulose whiskers to form an integrated matrix as described 
by percolation theory integrated matrix. This trend is not, however, as evident with 
hydrochloride cellulose whiskers which shows poor dispersibility because of lack of 
strong acid groups on the HCl whiskers, which makes the rod like particles to contact and 
interact extensively with each other leading to the formation of loose and bulky 
aggregates as the loading of HCl whiskers was increased from 7% to 10%. Table 28 
shows the statistical data of the composite films which shows that as the loading of HCl 
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whiskers increases from 2.5% to 10% the roughness of the films increases. The 
interpretation of the data was confirmed by surface roughness measurements which 
provided values of 19.59, 43.32, 57.75 and 61.15 for the control, 2.5%, 5%, 10% 
hydrochloride cellulose whiskers reinforced films, respectively. The surface roughness 
measurement of 7% xylan-sulfonated whiskers film shows the value of 12.97.  The HCl 
generated whiskers had an absence of strong acid groups but weak acid groups of 1.4 
mmol/100 g. Previous data from Akari et al. [123,124] reported that in the HCl treated 
fibers no strong acid groups were detected and <1.8 mmol/100 g weak acid groups were 
present which is comparable to our studies. The lack of strong acid groups presumably 
facilitates greater cellulose whisker–whisker interactions leading formation of aggregates 
[123,124].   
4.3 Summary 
Nanocellulosic-xylan films were prepared employing oat spelt xylan, cellulose whiskers 
and a plasticizer. The mechanical properties of the films were evaluated using tensile 
testing under controlled temperature and humidity conditions. The tensile data showed that 
the addition of sulfonated cellulose whiskers lead to a substantial improvement in strength 
properties. Addition of 7 wt% of sulfonated whiskers increased the tensile energy 
absorption of xylan films by 445 % and the tensile strength of the film by 141%.  
Furthermore, films to which 7% cellulose whiskers were added showed that nanocellulose 
whiskers produced with sulfuric acid (sulfonated whiskers) were significantly better at 
increasing film strength than cellulose whiskers produced by hydrochloric acid hydrolysis 
of cellulosic fibers. The formation of a continuous cellulosic network formed when the 
percolation threshold is reached is probably responsible for the unusual mechanical 
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properties of cellulose whisker reinforced nanocomposites. The interface between the 
matrix and reinforcement plays a critical role in determining the external load transfer 
within the films.  The stiffness of this cellulosic network is due to strong interactions like 
hydrogen bonds between the cellulose whiskers and the matrix (xylan), similarly to what is 
observed for a paper sheet for which the hydrogen-bonding forces hold the percolating 
network of fibers. These interactions allow good interfacial adhesion between matrix and 
cellulose whiskers. Thus the improvement in the mechanical properties of the 
nanocomposite film as a consequence of the addition of cellulose whiskers could be 
ascribed to the high aspect ratio of cellulose whiskers, good mechanical strength of 
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CHAPTER 5 
WATER TRANSMISSION BARRIER PROPERTIES OF 




In this chapter xylan based composites reinforced with sulfonated cellulose 
whiskers are discussed. The goal was to understand the effects of cellulose whiskers 
addition on the water vapor transmission properties of the composite and to compare the 
water transmission rate with softwood fiber reinforced composites. 
The majority of engineered plastic materials used today are made from synthetic 
polymers. The use of conventional petroleum-based polymer products creates many 
potential problems due to their non-renewable nature and ultimate disposal. Cellulose and 
its derivatives, when used in such applications, offers advantages with respect to 
sustainability, limited environmental impact and simplified end-of-life disposal issues [3-
5]. Of growing interest is the use of polysaccharide derived films as an alternative to 
petro-based materials such as polyvinyl alcohol and polyvinylidene chloride.  Early 
studies examined the application of chitosan, starch and cellulose derivatives which were 
shown to have film forming properties [6]. Glucuronoxylan isolated from aspen has been 
used to produce films [8-9] that exhibit improved strength and oxygen barrier properties 
when plasticized with xylitol or sorbitol.  Höije et al.  [10] have shown that arabinoxylan 
film can be prepared from the extracts of barley husks without the need for plasticizers. 
The resulting films were stiff and rather brittle with high water content. Dammström et al. 
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[11] prepared composite films of glucuronoxylan reinforced with bacterial cellulose and 
showed that this biocomposite could form transparent strong films. The use of xylan for 
the production of biodegradable composite films in combination with wheat gluten has 
been investigated [12]. The presence of xylan did not adversely affect the film forming 
quality or the water vapor transmission rate, though the mechanical and solubility 
properties depended on the quantity of xylan in the wheat gluten. Recently, studies by 
Saxena et al. [181] have shown that oat-spelt xylan, plasticized with sorbital and 
reinforced with sulphuric acid generated cellulose whiskers exhibited enhanced strength 
properties [206]. For example, the addition of 7% sulfonated whiskers increased the 
tensile energy absorption of the xylan films by 445 % and the tensile strength of the film 
by 141%.  As reviewed by Samir et al. [3], the improvements in mechanical properties of 
the composite can be attributed to the formation of a rigid hydrogen-bonded network of 
cellulose whiskers that is governed by percolation mechanism. The objective of this study 
is to evaluate the effect of reinforcing xylan films with cellulose whiskers with respect to 
water transmission properties. 
5.2 Results and discussion 
This study examines the reinforcement of xylan/sorbitol films with cellulose whiskers and 
its impact on water transmission.  The films were prepared with varying amounts of 
cellulose whiskers which were prepared by sulfuric acid hydrolysis of softwood bleached 
kraft fibers.   
By AFM analysis the cellulosic whiskers were observed to have rod like structure 
with an average length of 150-200 nm and a width of less than 20 nm. Previous studies 
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have indicated that AFM measurements of cellulose whiskers overestimated the width of 
the whiskers due to the tip broadening effects [216]. 
Prior studies have shown that the addition of 7% sulphonated whiskers increased 
the tensile energy absorption of the xylan films by 445 % and the tensile strength of the 
film by 141 % [206].  To determine if cellulose whiskers impact water transmission 
properties a series of xylan composite films were prepared and analyzed using optical 
microscope and scanning electron microscopy. 
5.2.1 Water vapor transmission rate  properties 
The specific water transmission rate (WVTR) of the xylan films are shown in Fig 17. 
Because the thickness of the xylan-sulfonted whiskers and xylan-softwood fiber are 
different, the WVTR is sometimes normalized to film thickness (l) to obtain the specific 
water vapor transmission rate (Ŕ=WVTR*l) with units of gmil/hm2 [217].  The technique 
used to measure water vapor transmission rate (WVTR) was a modification of the wet 
cup method described by ASTM E 96-95. The procedure involves using a Petri dish filled 
with distilled water and covered with a film. The mass of water lost from the dish was 
monitored as a function of time. Thickness measurements of the films were obtained with 
a digital gauge at a minimum of five positions on a test specimen. The glass petri dish 
was filled with distilled water (10.00 mL) and then the film was sealed to the petri dish 
with a 5-minute epoxy adhesive. After allowing the epoxy to cure for 30 min, the sample 
dish was weighed and placed in a convection oven at a setting of 37.0 ºC in the oven. The 
sample dish was periodically removed and weighed. The weight loss over a period of 24 
h was determined. The water vapor transmission rate was calculated using: WVTR=mass 
of water lost/time*area = flux/area with units of g h -1 m-2.  
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The incorporation of sulfonated cellulose whiskers was found to reduce WVTR 
film properties. The composites were characterized for water vapor transmission rate, as 
summarized in Figure 17. For example, the incorporation of 10% sulfonated cellulose 
whiskers into a xylan film decreased the specific WVTR value from 304 g/hm2 of the 
control to 174 g/hm2 of xylan-cellulose whisker films.  It appears that the high degree of 
crystallinity of cellulose whiskers, dense composite structure formed by the whiskers and 
rigid hydrogen bonded network of cellulose whiskers can causes cellulose whsikers to 

























Figure 17. Effect of sulfonated whisker dosage on specific water vapor transmission rate 
of xylan films. 
 
Similar experiments were performed using a softwood kraft fiber as reinforcement 
in a xylan film and it was found that with 5% pulp fibers specific water vapor 
transmission rate increases which increases further on addition of 10% pulp fibers to 
xylan as summarized in Table 28. 
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Table 28. Specific water vapor transmission rate of xylan films. 
 
 Sample  Specific water vapor transmission rate (gmil/hm2) 
 Control (Xylan)    304 
 Xylan +5% softwood fiber   537 
 Xylan+10% softwood fiber   807 
 Xylan + 10% sulfonated cellulose whiskers 174 
 
 
5.2.2 Morphology of xylan-cellulose whiskers and xylan-soft wood fibers composite 
films 
Optical microscope images of xylan, xylan-softwood kraft fiber and xylan-cellulose 
whisker films were acquired both before and after the water transmission rate and these 
are summarized in Figure 18. The xylan control in Figure 18a shows hexagonal platelets 
like pattern [139]. The xylan-softwood kraft fiber films exhibited fiber aggregation as 
shown in Figure 18c; this can be reason of higher barrier properties of xylan-sulfonated 
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                    (a)                  (b)  
   
 
  (c)     
 
Figure 18. Optical microscope image of (a) control xylan (b) xylan reinforced with 10% 
sulfonated cellulose whiskers (c) xylan reinforced with softwood fibers  
 
SEM images of fractured membrane surface of control xylan in Figure. 19(a) & 
(b) showed rough texture in comparison to smooth surface of fractured surface of xylan 
reinforced with cellulose whiskers in Figure 20(a) & (b). SEM images of control xylan 
film surface in Figure 19(c) shows agglomeration in comparison to well dispersed 
sulfonated cellulose whiskers on xylan surface in Figure 20(c). The uneven structure and 
agglomeration of the xylan can be the cause of higher water vapor transmission rate of 
control xylan film in comparison to xylan reinforced with sulfonated cellulose whiskers.  
It appears that pulp fibers cannot form an integrated matrix that cellulose whiskers can 
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           (a)              (b)            (c) 
 
Figure 19. Scanning electron microscopic images of control xylan film (a) cross section 
images (b) and (c) surface image 
 
 
                     
 
(a)                                        (b)                                                (c) 
                                                                
Figure 20. Scanning electron microscopic images xylan film reinforced with 10% 
sulfonated cellulose whiskers (a) cross section image (b) and (c) surface image. 
 
The specific density of xylan films was calculated and is summarized in Table 29. 
The data shows that the xylan-10% cellulose whisker films were denser than the control 
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Table 29. Specific density of xylan films. 
 
 Sample    Specific density of xylan films (g/cm3) 
 Control (Xylan)      0.7272 
 Xylan +5% sulfonated cellulose whiskers   0.7560 
 Xylan+10% sulfonated cellulose whiskers   0.7616 
 Xylan + 16% sulfonated cellulose whiskers    0.7451 
 Xylan + 50% sulfonated cellulose whiskers   0.6600 
 Xylan + 10% softwood fiber           0.1780          
 
Lagaron et al. [47] discussed the role of crystalline structure of plastics and 
emphasized that high crystallinity improves barrier properties. Cellulose whisker have 
high crystallinity [48] which is more than 60% together with the dense network held 
together by rigid hydrogen-bonded network of cellulose whiskers which causes more 
tortuous path for water molecules to follow and less water molecules to penetrate  the 
crystalline part of cellulose whiskers and this may lower the water transmission rate. 
5.3 Summary 
The reinforcement of natural biopolymers with cellulosic whiskers has been shown to be 
beneficial for physical strength properties including xylan films.  This study examines the 
water transmission properties of xylan films reinforced with cellulosic whiskers prepared 
from kraft pulp hydrolyzed with sulfuric acid. Measurements of water transmission rate 
(WVTR) were accomplished by a modification of wet cup method described by ASTM E 
96-95.  The results showed that films prepared by xylan reinforced by 10% sulfonated 
whiskers exhibited a 74% reduction in specific water transmission properties with respect 
to xylan film and a 362% improvement with respect to xylan films reinforced with 10% 
softwood kraft fibers. It appears that the high degree of crystallinity of cellulose whiskers, 
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dense composite structure formed by the whiskers and a rigid hydrogen-bonded network 
of cellulose whiskers that is governed by percolation mechanism can cause  cellulose 
whiskers to form integrated matrix which contribute to substantial benefit in the overall 
reduction of water transmission. Optical microscopic images indicated that xylan 
incorporated with softwood kraft fiber films exhibit fiber aggregation in comparison to 
well dispersed sulfonated nanocrystalline cellulose on xylan surface. SEM images also 
support that xylan film contains well dispersed nanocrystalline cellulose as compared to 
rougher surface of control xylan due to aggregation. The aggregation in control xylan and 
xylan softwood kraft fiber films provides more open structure and channels for rapid 
permeation in the film leading to higher water vapor transmission rate as compared to 
xylan-sulfonated nanocrystalline cellulose films. This can be reason of higher barrier 
properties of xylan-sulfonated whisker than xylan-softwood kraft fiber and control xylan 


























In this chapter moisture barrier properties of films based on xylan reinforced with 
nanocrystalline cellulose, acacia bleached kraft pulp fibers and softwood kraft fibers have 
been evaluated. The goal has been to evaluate several cellulosic resources with wide 
range in size dimension and also to evaluate the effect of hydrochloric made 
nanocellulose and sulphonated based cellulose on water transmission rate properties. The 
goal was also to understand the interaction of the fillers with the matrix using FTIR 
studies. 
 Xylan is one the most common hemicelluloses and is the most abundant 
polysaccharide in nature after cellulose [146,178, 180].  Glucuronoxylan, isolated from 
aspen wood, when plasticized with xylitol or sorbitol has been used to produce films that 
exhibit improved strength and oxygen barrier properties with respect to control 
glucuronoxylan films [8-9].  Höije et al. [10] have shown that arabinoxylan films can be 
prepared from the extracts of barley husks without the need for plasticizers. Dammström 
et al. [11] showed that films based on glucuronoxylan reinforced with bacterial cellulose 
have tensile strength values ranging between 65 and 110 MPa. Xylan has also been used 
as an additive with wheat gluten for the production of biodegradable composite films 
[12]. The xylan did not adversely affect the film forming quality or water vapor 
transmission rate, although mechanical and solubility properties were dependent on the 
quantity of xylan in the wheat gluten.  Water vapor transmission rate is an important 
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property for many film packaging applications influencing shelf life and product stability. 
Tock [17] reviewed some of the permeability and water vapor transmission rate 
properties of commercial polymeric films and provided an overview of how structural 
changes, such as crystallinity, and the presence of plasticizers and lamination can 
influence the barrier properties of polymer films. Miranda et al. [194] discussed water 
vapor transmission values of chitosan film plasticized with sorbitol, glycerol or 
polyethylene glycol reporting values from 1.3-1.5×10-3 [g/(m2. h. Pa)]. Aydinli et al. 
[195] determined WVP of 6.3–11.6×10-8 [g/ (m. h. Pa)] for polyethylene glycol-
plasticized locust bean gum as compared to 6.2-11.6 ×10-5[g .mm/ (m2. h. Pa)] reported 
by Mikkonen et al. [51].  The WVP of sorbitol-plasticized oat spelt arabinoxylan films 
studied using a fan-equipped desiccator was 4.5×10-5 [g. mm/ (m2. h. Pa)] [197], while 
Péroval et al. [198] reported a value of   63.7×10-8 [g/ (m. h. Pa)] for corn arabinoxylan 
films. Saxena et al. [181] have shown that the addition of 7% sulfonated nanocellulose 
whiskers to xylan increased the tensile energy absorption of the resulting films by 445% 
and the tensile strength of the film by 141%. The improvements in mechanical properties 
of the composite film based on reinforcement with cellulose whiskers can be attributed to 
the formation of a rigid hydrogen-bonded network of cellulose whiskers that is governed 
by the percolation mechanism [3]. Recent studies by Saxena et al. [218] have also shown 
that xylan films  reinforced with 10% sulfonated nanocrystalline cellulose exhibited a 
74% reduction in specific water transmission properties with respect to control xylan film 
and 362% improvement with respect to xylan reinforced with 10% softwood kraft pulps. 
The objective of this study is to compare these previous results with xylan films 
reinforced with hydrochloric acid prepared nanocrystalline cellulose and films reinforced 
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with acacia and softwood bleached kraft fibers. The bleached acacia kraft fiber was 
selected because it is one of the shortest commercially available pulp fibers with a 
weight-weighted length of 0.62 mm and width of ~0.02 mm and yet is approximately 
4000 orders of magnitude larger than the cellulosic whiskers employed.  
6.2 Results and discussion 
This study examines the reinforcement of xylan/sorbitol films with nanocrystalline 
cellulose, bleached acacia fiber and softwood kraft fibers and its impact on water 
transmission. By AFM analysis, nanocrystalline cellulose was observed to have rod like 
structure with an average length of sulfonated nanocrystalline cellulose in range of 150-
200 nm and a width of less than 20 nm while hydrochloric nanocrystalline cellulose had 
an average length of 200-300 nm and a width slightly less than 20 nm. These results are 
consistent with literature reported for nanocrystalline cellulose prepared from softwood 
kraft pulps using sulfuric acid and hydrochloric acid.  The differences in the organization 
between the two preparations can be seen sulfonated whiskers exhibiting more orderly, 
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Figure 21. AFM images of sulfonated and hydrochloride whiskers 
Saxena et al. [181] have shown that oat-spelt xylan, plasticized with sorbital and 
reinforced with 7% sulfonated nanocrystalline cellulose increased the tensile energy 
absorption of the xylan films by 445 % and the tensile strength of the film by 141% with 
respect to control xylan film. Saxena et al. [218] have also shown that when xylan film 
are reinforced with 10% sulfonated nanocrystalline cellulose, WVTR reduces from 304 
g.mil/hm2 for control to 174 g.mil/hm2 for xylan-sulfonated nanocrystalline cellulose 
films. 
6.2.1   Moisture barrier properties of xylan composite films 
To determine the impact of alternative cellulosic fillers on water transmission properties, 
a series of xylan composite films were prepared and analyzed using the water vapor 
transmission test. In the current work, similar experiments were performed using acacia 
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fiber and hydrochloric prepared nanocrystalline cellulose as reinforcement in a xylan 
film. Because the thickness of the xylan-sulfonted nanocrystalline cellulose, xylan-
softwood fiber and xylan-acacia fiber are different, the WVTR was normalized to film 
thickness (l) with units in mm to obtain the specific water vapor transmission rate 
(Ŕ=WVTR×l) with units of g.mm/d.m2 [217]. 
  Table 30. Specific water vapor transmission rate of xylan films 
 
 Sample  Specific water vapor transmission rate (g.mil/h.m2) 
 Control (Xylan)      304±15 
 Xylan + 10% acacia fiber      283±11 
 Xylan + 10% hydrochloric prepared nanocrystalline  281±9 
            cellulose  
 
 Xylan+ 10% softwood fiber     807 ±24  
 Xylan + 10% sulfonated nanocrystalline cellulose  174±8 
 
Xylan films reinforced with 10% acacia fiber and 10% hydrochloric 
nanocrystalline cellulose exhibited virtually no improvement in specific water vapor 
transmission rate in comparison to control. Xylan film reinforced with 10% sulfonated 
nanocrystalline cellulose exhibited lowest specific water transmission rate of 174 
gmil/hm2 and xylan film with softwood fiber exhibited highest water transmission rate as 
summarized in Table 30. The water transmission rate at other levels is summarized in 
Figure 22. It was found that the addition of 5% softwood kraft pulp fibers yielded a xylan 
film with increased specific water vapor transmission rate and a significant high water 
vapor transmission rate at 50% dosage with respect to control. The addition of softwood 
kraft fibers in the xylan film causes a significant high specific water vapor transmission 
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rate at any dosages (5%, 10%, and 50%).  Addition of hydrochloric acid prepared 
nanocrystalline cellulose to xylan films was also analyzed for specific water transmission 
rate. The specific WVTR values decreased as the content of HCl generated 
nanocrystalline cellulose in the xylan film increased from 0% to 5% and further decreases 
at higher dosage of 50% addition in the xylan. WVTR values of xylan-50% hydrochloric 



























Figure 22.  Water vapor transmission rate for xylan films 
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The rate of water transmission for the composite xylan and control films for first 
24 hours is summarized in Figure 23. As can be seen, the control xylan film has a higher 
rate of weight of water loss  per unit  time whereas 10% sulfonated nanocrystalline 
cellulose and 50% hydrochloride generated nanocrsytalline cellulose  reinforced xylan 
films have the lowest weight difference loss per unit time. The rate increases initially 
then remains constant for control, sulfuric nanocrystalline cellulose and hydrochloric 
nanocrystalline cellulose reinforced film but for acacia and softwood fiber reinforced 
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Figure 23. Rate of water vapor transmission of xylan films for 24 h 
 
The mechanism of water transmission can be attributed to a diffusion process in 
which water vapor condenses and dissolves on film surface and then liquid water diffuses 
through the membrane and finally water vapor evaporates from the other side of film. 
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The low initial rate can be described as initial adsorption phase when water vapor 
condenses and dissolves on film surface and then liquid water diffuses through the 
membrane and finally water vapor evaporates from the other side of film. The 
incorporation of sulfonated cellulose whiskers was found to reduce WVTR properties 
which can be attributed to the tortuous path the water molecules have to travel around the 
cellulose whiskers to diffuse through the film. Since, the filler material is crystalline 
together with the dense, rigid hydrogen bonded network, it acts as a physical barrier to 
the transport of the diffusing molecules. Furthermore, since cellulose whisker and xylan 
are hydrophilic in nature, the diffusing water molecules could be absorbed via hydrogen 
bonding, which would also alter the flux. Once steady state equilibrium is attained, the 
flux remains constant. It appears that pulp fibers cannot form an integrated matrix that 
cellulose whiskers can and this latter effect has a substantial benefit in the overall 
reduction of water transmission. The uneven structure and agglomeration of the xylan can 
be the cause of higher water transmission rate of control xylan film in comparison to 
xylan reinforced with sulfuric nanocrystalline cellulose. 
6.2.2 Spectroscopy 
Figures 24 and 25 show the FT-IR spectra of xylan films containing sulfonated 
nanocrystalline cellulose, acacia fiber, softwood kraft pulp fibers and hydrochloric nano 
crystalline cellulose, respectively. Several characteristic bands of nanocrystalline 
cellulose can be readily assigned at 3340 cm-1 (OH stretch) and 2893 cm-1 (CH2 
stretch).A strong absorption band can be observed at 3330 cm-1 after addition of 
nanocrystalline cellulose for all concentrations, related to the typical O-H  vibration of 
crystalline nanocellulose.  The intensity of overall O-H band (3200–3450 cm-1) increases 
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with the nanocellulose whiskers concentration, suggesting an increase of hydrogen 
bonding between xylan and nanocrystalline cellulose, suggesting the strong interactions 
occurred between the sulfates group of nanocrystalline cellulose surface and the matrix 
[219-220].  Other bands 1160 and 1070 cm-1 have their intensity increased after 
nanocrystalline cellulose addition and these bands are specific to cellulose, and some of 
them have been studied in detail to determine the crystalline organization [221] . Strong 
peaks around 1100 cm-1 assigned to secondary alcohol. The peak at 1205 cm-1 is sulfate 
peak of cellulose nanocrystalline cellulose from the esterification reaction.  The peak at 
(3200–3450 cm-1) of the nanocomposite moved to higher wavenumbers suggesting a 
strong interaction occurred between filler and the matrix [111]. The band in the spectrum 
near 1680 cm-1 is assigned mainly to C=O stretching vibration of carbonyl and acetyl 
groups in the xylan component of hemicellulose. The interactions between cellulose and 
xylan in a model system consisting of bacterial cellulose/glucuronoxylan have been 

































Figure 24. FTIR of xylan-sulfonated nanocrystalline cellulose film 
 






















































































Figure 25. FTIR of xylan-10% different fillers composite film 
6.2.3 Morphology of xylan composite films 
Optical microscope images of xylan, xylan-softwood kraft fiber and xylan-
nanocrystalline cellulose films were acquired both before and after the water transmission 
rate studies and these results are summarized in Figures 26-28. The xylan-sulfonated 
nanocrystalline cellulose film appears denser than control xylan film as seen in Figure 26. 
The xylan control film shown in Figure 26a exhibits hexagonal platelets like pattern 
[139]. Optical microscope images of xylan-acacia films were acquired before the WVTR 
test and immediately after and these results are summarized in Figure 27. Xylan-acacia 
films appear swollen after the water vapor transmission study as can be seen in Figure 
27(a-b).  The specific density of xylan films was also calculated and the result shows that 
the xylan-10% nanocrystalline cellulose films were denser than the control xylan, xylan-
10% softwood and xylan-10% acacia films with specific densities of 0.7616, 0.7272, 
0.1780, 0.1132 g/cm3 respectively. The less dense structure of the control xylan, xylan-
10% softwood and xylan-10% acacia films in comparison to the xylan-10% 
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nanocrystalline cellulose film leads to lower water transmission rates for the xylan-
sulfonated nanocrystalline cellulose films in comparison to the other films. 
  
    
       (a)     (b)  
 
Figure 26. Optical microscope image of (a) control xylan (b) xylan reinforced with 
sulfonated nanocrystalline cellulose  
 
                
         (a)                        (b)  
    
  (c)                   
      
Figure 27. Optical images of (a) and (b) xylan reinforced with ECF bleached acacia kraft 
fibers before water vapor transmission rate showing more open structure (c) dense 






100 µm  
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The optical micrograph of xylan film reinforced with softwood kraft fibers, 
exhibited in Figure 28c, shows fiber aggregation which may provides channels in the 
membrane that allow for more rapid permeation of water.  
 
   
(a) 
     (b)     
 
  (c) 
Figure 28. Optical images of xylan reinforced with (a) sulfonated nanocrystalline 
cellulose  (b) hydrochloride nanocrystalline cellulose (c) softwood fibers.  
 
  Nanocrystalline cellulose has been reported to have crystallinity values 
greater than 60% [48,223]. This property, together with the resulting rigid hydrogen-
bonded network of nanocrystalline cellulose was attributed to cause an increase in 
tortuousity [207] for water molecules to follow and the crystalline portion nanocellulose 
may further lower the water transmission rate as compared to more open structure of 
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Figure 29.  AFM images of fractured surface (a) control xylan (b) 10% (c) 25% and  
(d) 50% sulfonated nanocrystalline cellulose film 
 
 SEM images of control xylan film surface in Figure 30(a) shows agglomeration in 
comparison to well dispersed sulfonated nanocrystalline cellulose on xylan surface in 
Figure 30(b). Hydrochloric whiskers were observed to aggregate in the matrix as shown 
in Figure 30 (c). The uneven structure and agglomeration of the fibers can provide 
increase free volume of the matrix polymer leading to higher diffusivity of the 
permeating water molecules in the control xylan film which may cause higher water 
vapor transmission rate of control xylan in comparison to xylan reinforced with 
sulfonated nanocrystalline cellulose. It appears that pulp fibers cannot form an integrated 
matrix that nanocrystalline cellulose can and this latter effect has a substantial benefit in 
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(c)         
Figure 30. Scanning electron microscopic images of (a) surface image of control xylan 
(b) surface image of xylan sulfonated nanocrystalline composite film (c) surface image of 
xylan hydrochloric nanocrystalline composite film 
 
6.3 Summary 
Cellulose whiskers were incorporated into xylan slurry to prepare biodegradable films 
with improved water barrier properties. Measurements of water vapor transmission rate 
(WVTR) were performed by a modification of the wet cup method described by ASTM E 
96-95, indicating that membranes with 10% nanocrystalline cellulose, prepared using a 
sulfuric acid, exhibited  the lowest permeability 174 g.mil/h.m2 among the composite 
films studied. Reinforcement of xylan with hydrochloric made nanocrystalline cellulose 
yielded films that showed a reduction in water transmission but the reduction was not as 
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significant as with the reinforcement of xylan with sulfonated nanocrystalline cellulose. 
Xylan films reinforced with 10% sulfonated nanocrystalline cellulose exhibited 
reductions in water transmission rates of 362%, 62% and 61% over films prepared with 
10% softwood kraft fibers, 10% acacia fiber and 10% hydrochloric acid prepared 
nanocrystalline cellulose, respectively. It appears that the high degree of crystallinity of 
nanocellulose, the dense composite structure of the formed films with nanocrystalline 
cellulose and xylan leads to a film that has reduced moisture transmission properties.  
These effects were attributed to a rigid hydrogen-bonded network of hydrogen bonded 
nanocellulose to form an integrated matrix as described by percolation theory. Both the 
acacia and softwood kraft pulp fibers when used for xylan film formation exhibited 
higher water vapor transmission rates at addition levels of 50% and no improvement at 
lower levels of 5% and 10%, in comparison to control xylan films. Optical microscopic 
images indicated that xylan incorporated with softwood kraft fiber and acacia fiber 
exhibit fiber aggregation in comparison to well dispersed sulfonated nanocrystalline 
cellulose on xylan surface as indicated in optical and SEM images of xylan-sulfonated 
nanocrystalline cellulose film. This provides more open structure for more rapid 
permeation in control xylan, xylan-softwood kraft fiber and xylan-acacia fibers leading to 
higher water vapor transmission rate as compared to xylan- sulfonated nanocrystalline 
cellulose films which have substantially lower water vapor transmission rate. The results 
from FT-IR showed strong interactions occurred between the nanocrystalline cellulose 
and the matrix and explain the synergistic xylan-10% sulfonated nanocrystalline cellulose 
which performed well and show potential for the development of improved 
biodegradable barrier membranes. 








In this chapter xylan based composites reinforced with cellulose whiskers are studied. 
The goal of this work is to produce nanocomposite film with low oxygen permeability by 
casting an aqueous solution containing xylan, sorbitol and nanocrystalline cellulose. 
Biobased plastics have generated increasing interest to replace petrochemical based 
polymers in light of their ready availability, sustainability, limited environmental impact 
and simplified end-of-life disposal issues [2-5]. High barrier packaging materials require 
low oxygen permeability with good mechanical strength. Replacing existing oxygen 
barriers such as aluminium and synthetic polymers with biopolymers is a research topic 
of increased interest.  Early studies examined the use of chitosan, starch and cellulose 
derivatives to address these challenges and were shown to have good film forming 
properties [5].   
Acetylated galactoglucomannan (AcGGM) hemicellulose was found to be an 
excellent candidate for making new renewable barrier materials [6]. The oxygen barrier 
permeability of the AcGGM films were found to be similar to, or lower than, the values 
reported for oxygen barrier films made from glucuronoxylan [7] and other 
polysaccharides, such as starch [8], chitosan [9] and mixtures of various polysaccharides 
[10]. Hartman reported oxygen permeability of 2.0 (cm3 µm)/ (m2 d kPa) for GGM-
sorbitol film [6].  The oxygen barrier properties of films obtained from a mixture of O-
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acetyl-galactoglucomannan and either alginate or carboxymethylcellulose were also 
studied. The reported values of oxygen permeability of GGM/alginate/glycerol blend 
were 4.6 (cm3 µm)/ (m2 d kPa)   [6]. The oxygen permeability of the GGM films was 
lower than that of glycerol-plasticized amylose and amylopectin films [11], but not as 
low as that of sorbitol-plasticized aspen glucuronoxylan films [7,12]. The oxygen 
permeability of oat spelt arabinoxylan films plasticized with 40% sorbitol was 4.7 (cm3 
µm)/ (m2 d kPa), which is slightly lower than that of GGM films [13].  Biobased free-
standing films and coatings with low oxygen permeability of 1 (cm3 µm)/ (m2 d kPa) have 
been also prepared from a wood hydrolysate [14]. Films made from these 
polysaccharides are brittle and therefore to form cohesive films requires plasticizers such 
as sorbitol and xylitol. However, even with the plasticizers, the mechanical properties of 
these films have been considered to be poor. Nanocrystalline cellulose  have been studied 
as reinforcements of various synthetic and some natural polymer matrices [15-17] to 
improve the strength properties owing to their high bending strength of 10 GPa, and 
elastic modulus of 143 GPa [18-19]. Lagaron et al. [20] discussed the role of crystalline 
structure of polymers and emphasized that high crystallinity improves barrier properties. 
Nanocrystalline cellulose are greater than 60% crystalline [21-22] and this property 
together with the resulting rigid hydrogen-bonded network of nanocrystalline cellulose  
can cause an increase in tortuousity and smaller pore size for nanocomposites which may 
be utilized to create high barrier materials. In a recent study, spruce galactoglucomannans 
(GGM) and konjac glucomannan (KGM) were mixed with nanocrystalline cellulose 
(NCC) to study the mechanical and barrier properties of the films [23-24]. The tensile 
strength of unplasticized KGM films increased by 30% but the mechanical properties of 
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the plasticized films were not affected with increased in nanocrystalline cellulose. The 
presence of 5% of nanocrystalline cellulose did not significantly affect the oxygen 
permeability of the films. Xylan is one the most common hemicelluloses, is the most 
abundant polysaccharide in nature after cellulose, and is an attractive resource for film 
production [25-27]. Prior studies by Saxena et al. [28] have shown that the addition of 7% 
nanocrystalline cellulose to xylan-sorbital films increased the tensile energy absorption of 
the resulting films by 445% and the tensile strength of the film by 141%. Recent studies 
demonstrated that films with 10% nanocrystalline cellulose exhibited a 74% reduction in 
specific water transmission properties with respect to films prepared solely from 
xylan/sorbitol, and a 362% reduction in water transmission rate with respect to xylan 
films reinforced with 10% softwood kraft fibers [29]. The objective of the current study 
is to evaluate the oxygen barrier properties of xylan-nanocrystalline cellulose composite 
films. 
7.2 Results and discussion 
This study examines the oxygen barrier properties of xylan-nanocrystalline cellulose 
composite films. 
7.2.1 Oxygen transmission rate studies of nanocomposite films 
The specific oxygen transmission rate of the xylan nanocomposite films are shown in 
Table 31. The transmission rate decreased drastically upon reinforcement with 
nanocrystalline cellulose. The measured oxygen permeability is lower or comparable to 
the often used barrier plastic ethylene vinyl alcohol (EVOH) [33] and the films made 
from microfibrillar cellulose [34], see Table 31.  
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Table 31. Effect of sulfonated nanocrystalline cellulose dosage on oxygen transmission 
rate of xylan film. 
 Sample                         Specific oxygen transmission rate (cm3/m2day) 
Control (Xylan)            354.95 
Xylan + 5% sulfonated nanocrystallinecellulose         1.44 
Xylan + 10% sulfonated nanocrystalline cellulose        1.36 
Xylan + 25% sulfonated nanocrystalline cellulose          1.04 
Xylan + 50% sulfonated nanocrystalline cellulose                       0.14 
EVOH                                                                                     3-5 [33] 
Polyester, oriented, Polyvinylidene chloride (PVdC) coated        9-15 [224] 
MFC film                                                             17.0-18.5 [34]      
                
Oxygen permeability values were calculated by dividing the oxygen transmission 
rates by the differential partial pressure of oxygen across the film (1 atm or 101.3 kPa) 
and multiplying by the film thickness in microns [5]. Table 32 summarized the oxygen 
permeability of some of the literature work and current work. The oxygen transmission 
rates as summarized in Table 31 at 25% and 50% dosage of nanocrystalline cellulose 
decreased drastically with respect to control xylan films and are the two lowest values 
that we obtained in this study.  It will be an interesting subject to explore the porosity, 
bulk density and tortuosity factor at these two levels and the control xylan films. As 
summarized in Table 33, the density and tortuosity factor of the composite film increased 
while the pore diameter and porosity decreased as the loading of sulfonated 
nanocrystalline cellulose increased in the xylan-based films.  
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Table 32. Oxygen Permeability of biopolymer films. 
 
Sample                                        Oxygen Permeability (cm3 µm)/ (m2 d kPa) 
GGM-sorbitol                           2.0            [6]  
GGM/alginate/glycerol blend              4.6            [6] 
Oat spelt arabinoxylan films plasticized with 40% sorbitol           4.7            [13] 
Biobased free-standing films and coatings from a wood hydrolysate        1.0             [14] 
Xylan + 50% sulfonated cellulose whiskers                      0.2 (current study) 
 
Table 33. Mercury intrusion porosimetry measurements of control xylan and nano-
composite films 
 
Sample                       Average pore      Bulk density            Porosity             Tortuosity 
                                   diameter (µm)           (g/mL)                     %                   factor 
 
Control (Xylan)          0.17                   0.6                         53.0                  1.3  
Xylan+25% sulfonated       0.13                  0.9                      41.0                 1.7 
nanocrystalline cellulose 
      
Xylan+50% sulfonated      0.06                    1.2                      23.0                 2.0 




Nanocrystalline cellulose have been reported to have crystallinity values greater 
than 60% [21] which would further reduce the transmission of oxygen molecules through 
these nanocomposite films. The tortuosity factor measurements from mercury 
porosimetry techniques showed that the control xylan films have a tortuosity factor of 
1.258 whereas the xylan films containing 50% nanocrystalline cellulose had a tortuosity 
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factor of 2.005. The combination of 50% nanocrystalline cellulose and xylan showed the 
lowest oxygen transmission rate of 0.139 cm3/m2•day). Figures (31 and 32) show the 
rate of oxygen transmission rate for the control xylan and xylan reinforced with 50% 
nanocrystalline cellulose respectively. Control xylan films have much higher rate of 
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7.2.2 Morphology of cross section and surface images of composite films 
By AFM analysis, the sulfonated nanocrystalline cellulosic were observed to have 
rod like structure with an average length of 150-200 nm and a width of less than 20 nm 
(Figure 33). AFM images, acquired using tapping mode, of the xylan/sorbitol films 
reinforced with nanocrystalline cellulose show well dispersed sulfonated nanocrystalline 
cellulose on xylan surface in comparison to more open structure of xylan/sorbitol control 








Figure 33. AFM image of sulfonated nanocrystalline cellulose with a concentration of 
0.7% by weight. 
 
SEM images of the control xylan film surface showed agglomerated structures on 
the surface in comparison to a more uniform surface for the nanocrystalline cellulose-
xylan films (Figure 35 (a) and 35(b)). 
Oxygen transmission rate at 5% and 10% charge of nanocrystalline cellulose doesn’t 
differ much but a significant drop of transmission rate as compared to control. We 
studied xylan-10% nanocrystalline cellulose film under SEM (Figure 35) and AFM 
(Figure 34b) and found that control xylan film surface in Figure 35 (a) shows 
agglomeration in comparison to well dispersed sulfonated nanocrystalline cellulose on 
500nm  
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xylan surface in Figure 35 (b). The uneven structure and agglomeration of the xylan can 
be the cause of higher oxygen transmission rate of control xylan film in comparison to 
xylan reinforced with 10% sulfonated nanocrystalline cellulose.  
SEM cross-section images of freeze fracture of control xylan films showed a rough 
texture with small cracks in the film as summarized in Figure 36(a) and 36(b). The same 
analysis for the xylan film reinforced with nanocrystalline cellulose exhibited smooth 
fractured surface and less porous structure (see Figure 36(c) and Figure 36(d)).  
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  (c)                (d) 
  
Figure 34.  AFM images of (a)  control xylan (c) 10% sulfonated nanocrystalline 
cellulose film (d) 25% % sulfonated nanocrystalline cellulose (e) 50% sulfonated 
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Figure 35. SEM surface images of the (a) control xylan, (b) xylan reinforced with 10% 
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                       (c)                                                               (d) 
Figure 36. SEM fracture images of the cross-sections of membranes of (a) and (b) 
control xylan, (c) and (d) xylan reinforced with sulfonated nanocrystalline cellulose.  
   500 nm 
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The dense structure of composite films with reduced surface porosity is due to the 
combination of the nanocrystalline cellulose and the resulting rigid hydrogen-bonded 
network within the nanocrystalline cellulose and with the matrix [3]. This causes an 
increase in the tortuosity factor and bulk density with decrease in porosity and average 
pore diameter of the composite films resulting in lower oxygen transmission rates of 
composite films in comparison to the control 
7.3 Summary 
Nanocrystalline cellulose was incorporated into xylan slurry to prepare high oxygen 
barrier biodegradable films. The morphology of the resulting nanocomposite films was 
examined by scanning electron microscopy and atomic force microscopy which showed 
that control films containing xylan and sorbitol had a more open structure as compared to 
xylan-sorbitol films containing sulfonated nanocrystalline cellulose.  
 The average pore diameter, bulk density, porosity and tortuosity factor 
measurements of control xylan films and nanocomposite xylan films were examined by 
mercury intrusion porosimetry techniques. Xylan films reinforced with nanocrystalline 
cellulose films were denser and exhibited higher tortuosity factor than the control xylan 
films. Control xylan films had average pore diameter, bulk density, porosity and 
tortuosity factor of   0.1730 µm, 0.6165 g/mL , 53.0161 % and  1.258  respectively as 
compared to xylan  films reinforced with 50% nanocrystalline cellulose with average 
pore diameter of 0.0581 µm, bulk density of 1.1513 g/mL, porosity of 22.8906 % and 
tortuosity factor of 2.005. Oxygen transmission rate tests demonstrated that films 
prepared with xylan, sorbitol and 5%, 10%, 25% and 50% sulfonated nanocrystalline 
cellulose exhibited a significantly reduced oxygen permeability of 1.1387, 1.0933, 0.8986 
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and 0.1799 (cm3 µm)/ (m2 d kPa) respectively with respect to films prepared solely from 
xylan and sorbitol with a oxygen permeability of 189.1665 (cm3 µm)/ (m2 d kPa). 
It appears that the high degree of crystallinity of nanocrystalline cellulose and the dense 
composite structure of the formed films with nanocrystalline cellulose and xylan leads to 
a film that has reduced transmission properties.  These effects were attributed to a rigid 
hydrogen-bonded network of hydrogen bonded nanocrystalline cellulose to form an 
integrated matrix as described by percolation theory. 
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CHAPTER 8 




Environmental concerns arising from the use of nondegradable petroleum-based plastics 
have resulted in the search for suitable substitutes [2-5]. In recent years, increasing 
societal concerns have accelerated efforts to develop new ways to utilize biopolymers 
such as polysaccharides, proteins and lipids to create biodegradable films due to their 
ready availability, sustainability and reduced end-of-life environmental concerns [2-5].  
Many naturally occurring polysaccharides and their derivatives such as starch, cellulose, 
chitosan, alginates, carrageenan, pectinate, and various naturally occurring gums have 
been proposed for use in coating and film formulations. 
Typically, polysaccharide films possess poor mechanical and barrier properties, 
[173-174] and plasticizers are normally added to improve the strength of the films and aid 
in stabilizing the film network [175-176]. Xylan, which is one the most common 
hemicelluloses and the most abundant polysaccharide in nature after cellulose, is an 
attractive resource for film production [178-180]. Recently, acetylated 
galactoglucomannan (AcGGM) hemicellulose was found to be an alternative material for 
making new renewable barrier materials [13]. The oxygen barrier permeability of the 
AcGGM films was found to be similar to, or lower than, the values reported for oxygen 
barrier films made from glucuronoxylan [8] and other polysaccharides, such as starch 
[14], chitosan [186] and mixtures of various polysaccharides [16]. Glucuronoxylan, 
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isolated from aspen wood, when plasticized with xylitol or sorbitol has been used to 
produce films that exhibit improved strength and oxygen barrier properties with respect 
to control glucuronoxylan films [8-9].  Hartman et al. reported oxygen permeability 
values of 2.0 cm3 µm m-2 day-1 kPa-1 for GGM-sorbitol film [13]. Miranda et al.  studied  
water vapor transmission values of chitosan film plasticized with sorbitol, glycerol or 
polyethylene glycol reporting values from 1.3-1.5×10-3 [g/(m2. h. Pa)] [194].The goal was 
to decrease the water vapor permeability and to improve the mechanical properties of 
chitosan films. Miranda et al. also discussed that in hydrophilic films, water molecules 
interact with polar groups in the film structure, causing plasticization or swelling, which, 
in turn results in varying permeability [194]. Films made from these polysaccharides are 
brittle and therefore to form cohesive films requires plasticizers such as sorbitol and 
xylitol. However, even with the plasticizers, the mechanical properties of these films 
have been considered to be poor. Nanocellulose whiskers (NCW) have been studied as 
reinforcements of various synthetic and natural polymer matrices [3, 200,201] to improve 
the strength properties of the nanocomposites. They have a high bending strength of 10 
GPa, an elastic modulus of 143 GPa [202-203] and forms a rigid hydrogen-bonded 
network [3]. The properties of nanocomposite materials and the enhancement of these 
properties, depend not only on their individual components but also on the interaction 
between the matrix and the reinforcing phases and their morphology [34-35]. Recent 
studies by Saxena et al. have shown that xylan films reinforced with NCWs can reduce 
water and oxygen permeability by greater than +70% while increasing physical strength 
properties by +50% with respect to control xylan/sorbitol film by the addition of 5-10% 
of NCWs [181,206-207].  
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X-ray diffraction (XRD) and nuclear magnetic resonance (NMR) techniques was 
used to study the structure-property relationships of xylan films reinforced with NCWs. 
A critical issue to probe is the interactions of NCWs with the film matrix because of the 
significantly increased matrix-filler interfacial area typically associated with 
nanocomposite. In addition, we used NMR T2 relaxation experiments to investigate the 
change in the nature of carbohydrate–water interactions as a result of NCW 
incorporation. These results will facilitate an improved understanding of the mechanisms 
involved in the superior barrier and mechanical properties of xylan-NCW nanocomposite 
films previously reported [181,206-207]. 
8.2 RESULTS AND DISCUSSION 
This study utilizes X-ray diffraction (XRD) and nuclear magnetic resonance (NMR) 
techniques to study the structure-property relationships of xylan films reinforced with 
NCWs which will facilitate an improved understanding of the mechanisms involved in 
the superior barrier and mechanical properties of rigid hydrogen bonded xylan-whisker 
nanocomposite films previously reported [181,206-207]. A control xylan/sorbitol film 
was prepared from a 1:1 weight ratio of xylan and sorbitol.  The morphology of the 
nanocomposite films and the size distribution of nanocellulose whiskers were fully 
characterized using SEM and AFM and previously reported by Saxena et al. [181,206-
207]. The surface morphology of nanocrsyatlline cellulose was evaluated by TEM. TEM 
images of cellulose nanowhiskers (CNW) are shown in Figure 37. Sulfonated 
nanocrystalline cellulosic were observed to have rod like structure with an average length 
of 150-200 nm and a width of less than 20 nm. 
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C CP/MAS NMR analysis on xylan nanocomposite films 
To characterize the interaction of NCWs with the matrix, NMR analysis on the 
nanocomposite films were performed.  Solid-state 13C CP/MAS NMR analysis of a 
control xylan/sorbitol film, NCW and NCW/xylan nanocomposite films is shown in 
Figure 38. 13C NMR chemical shifts of the starting xylan and NCWs agreed with 
literature values [225-228] and could be readily assigned in the spectra of the 
nanocomposite films. The 13C CP/MAS NMR spectra of the NCWs showed the typical 
spectra of crystalline cellulose and based on the integration of the cellulose C4 peak 
region, the NCWs had a crystallinity of ~ 64%. Newman et al. has made specific 
assignments for the cellulose C4 spectral resonances arising from cellulose crystallite 
interiors, crystallite surfaces and amorphous regions [229]. Recent results reported by 
Lopez et al. suggested that the enthalpic interaction exists in xyloglucan-cellulose 
whiskers system [230]. The results also suggested that the strong xyloglucan-cellulose 
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interactions are governed by several types of interactions, including hydrogen bonding 
















Figure 38.  13C spectra of NCW/xylan nanocomposite films of increasing NCW content 
conditioned under 100% RH for 48 h. 
 
As shown in both Figure 38 and Figure 39, the C1 peak of cellulose and xylan is ~ 
105 and 102 ppm, respectively.  The analysis of the both the C4 and C1 peak regions of 
xylan/cellulose are unobstructed by resonances from sorbitol which only appear ~ 74-63 
ppm.   Figure 39 shows the non-linear least-squared line-fitting of the C1 region for the 
13C spectra of 25% NCW/xylan nanocomposite film.  A primarily Gaussian line-shape 
was applied to the carbon signal attributed to the C1 peak of cellulose with a constant 
line-width of 294 Hz (based on the neat NCW spectrum), while a Lorentzian weighted 
line seemed to describe the signal from the C1 peak of xylan. Though the spectrum in 
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Figure 39 suggests these peaks are well-resolved, the other nanocomposite films required 
deconvolution by line-fitting due to the highly reduced contribution of either NCWs or 
xylan in the 5 and 50% NCW nanocomposite films. Larsson et al. reviewed the 
interaction of cellulose and hemicellulose using CP/MAS 13C-NMR spectroscopy [225] 
and our results are consistent with this report with respect to the types of line-shape and 
peak chemical shifts.  
115 110 105 100 95PPM   
Figure 39. The non-linear, least-squared, spectral fitting of the C1 region for the 
13C 
spectra of 25% NCW/xylan nanocomposite film conditioned under 100% RH for 48 h. 
Green lines = C1 peak of cellulose and xylan; Red lines = C1 peak summed fit of cellulose 
and xylan and; Blue line = real spectra 
 
Larsson et al. reported that for 70/30% (w/w) mixture of cellulose and xylan, 
when heated in the presence of water an additional resonance not present in either the 
spectra of cellulose or xylan appeared [225].  It appears that cellulose-xylan interactions 
increase as water is removed from the system in the heating process which may cause a 
formation of a strong hydrogen bonding between xylan and cellulose [225].  This signal 
was observed at ~ 82 ppm, slightly overlapping the signal from inaccessible cellulose 
fibril surfaces at ~ 84 ppm. The authors concluded that this additional peak must be 
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attributed to xylan adsorbed to cellulose and would be accompanied by a loss of signal 
intensity from cellulose at accessible fibril surfaces and an increase in signal intensity 
from cellulose at inaccessible fibril surfaces due to the ‘coverage’ by xylan [225]. 
Qualitatively, the obtained spectra of the NCW/xylan nanocomposite films seen in Figure 
38 demonstrate a similar affect.  The relative signal intensity at ~ 81.7 ppm is appreciably 
higher in the spectra of all the nanocomposite films with respect to the spectra of the 
control xylan/sorbitol film or neat nanocellulose whisker. In an attempt to quantify this 
effect, non-linear least-squared spectral line fitting was used to deconvolute the adsorbed 
xylan peak at ~ 82 ppm.  The results are presented in Table 34, as a ratio of δ82ppm:δ102ppm 
with respect to the xylan C1 peak, which represents the total amount of xylan present in 
the nanocomposite.  The ratio seen in Table I has been adjusted, subtracting intensity 
from the 82 ppm region based on the deconvoluted intensity of cellulose C1 peak and a 
predetermined peak intensity ratio at δ82ppm:δ105ppm for neat NCW.  This was done in an 
effort to account for the overlapping the signal from inaccessible cellulose fibril surfaces.   
This ratio suggests that upon the addition of 50% NCW, the amount of adsorbed xylan 
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Table 34.  Non-linear least-squared spectral fitting results of the C1 of cellulose and 
xylan region for the 13C spectra of the NCW/xylan nanocomposite films conditioned 
under 100% RH for 48 h. 
 
Sample 















Control Film     231 100 0.17 
NCW  295 36     
5% NCW 32 295 36 68 186 57 0.17 
25% NCW 56 295 36 54 208 90 0.34 
50% NCW 92 295 36 8 126 67 0.49 
 
8.2.2 NMR T2 relaxation experiments on xylan nanocomposite films 
NMR T2 relaxation experiments can provide information pertaining to the molecular 
mobility within a system. 1H Carr–Purcell–Meiboom–Gill (CPMG) experiments were 
used to investigate the change in the nature of carbohydrate–water interactions as a result 
of NCWs incorporation. T2 relaxation values probe how fast a nuclei loses transverse 
magnetization.  In this experiment, the signal intensity decays as a function of local 
inhomogeneities in the magnetic field mainly due to perturbation by nuclei through space 
or dipolar interactions, and this signal attenuation or the characteristic relaxation rate for 
this process is called the spin-spin relaxation (i.e. T2). Basically, the faster the rate of the 
decay, the more rigid or fewer degrees of freedom the chemical group associated with 
that decay has [231]. Spin-spin (T2) relaxation of water adsorbed in western red cedar 
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and Douglas fir sapwood have been studied in the past [232, 233] and recently Marcus et 
al. [234] used spin-spin (T2) relaxation to study the interaction of cellulose and water. We 
used a similar method to study the 1H T2 relaxation of water adsorbed into the NCW 
nanocomposite system to infer the structure-property relationships with respect to the 
enhanced strength and barrier properties observed for these xylan-nanocomposite films. 
The analysis of wide T2 distributions using a single model can be difficult.  One 
technique to resolve this issue, while also showing any change in T2 relaxation, is to 
extract the distribution of relaxers or exponential decays from the T2 data using an 
inverse Laplace transform (ILT) routine [9]. Figure 40 shows the relaxation rate 
distributions of adsorbed water in the control xylan/sorbitol film, NCWs and 
nanocomposite films.  The T2 distribution for the control xylan /sorbitol film indicates at 
least two distributions of water exist.  There are peaks centered at ~ 12 and 130 ms.  The 
shorter relaxation time distribution suggests this water is on average less mobile, having 
less degrees of freedom.  This can be interpreted as meaning the water associated with 
this distribution is either within a much more confined volume or pore space and/or there 
exist increased interactions with the xylan substrate which adequately retards the 
molecular dynamics of the water with respect to the water associated with the peaks 
found at 130 ms [234,235]. 
Between 10 and 25% whisker content the major distribution of peaks originally centered 
at 10 ms shifts to larger T2 times indicating the strength of the carbohydrate-water 
interactions in the xylan matrix are becoming weaker [234,235]. However, the water 
adsorbed into the 50% NCW film has significantly shorter relaxation time with respect to 
the control xylan/sorbitol, 5, 10 and 25% CNW/xylan nanocomposite films with a very 
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narrow distribution.  This shift strongly correlates with the change in the amount of 
adsorbed xylan discussed previously.  This would suggest that either the carbohydrate-
water interactions in this system are dominated by that of CNWs, a radical reduction in 
the pore size distribution [207] and/or there was a significant change in strength of the 
carbohydrate-water interactions in the xylan matrix for the 50% NCW film with respect 
to all the other films. 
 









Figure 40. Distribution of spin-spin relaxation times of absorbed water within control 
xylan/sorbitol, pure NCW and nanocomposite films reinforced with 10%, 17%, 25%, 
35% and 50% NCW produced via ILTs of 1H CMPG NMR T2 experiments conditioned 
under 100% RH for 48 h. The vertical dotted lines serve to visually demonstrate shifts in 
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8.2.3 Crystallinity of nanocomposite films 
X-ray diffraction (XRD) studies on the nanocomposite system can also be used to infer 
the structure-property relationships with respect to the observed physical properties 
previously observed for these nanocomposite films [111,8] Lagaron et al. discussed the 
role of crystalline structure of polymers and emphasized that high crystallinity in semi-
crystalline polymer systems improves barrier properties for polymers used in packaging 
application [47] The present paper uses XRD technique to study xylan films reinforced 
with NCWs, initially comparing XRD results of dry mechanically mixed film 
components (xylan, sorbitol and NCWs) with a nanocomposite film formed by 
dissolution and solution casting (as described in the experimental section) which 
facilitates intimate blending and the formation of a strong hydrogen bonded structures 
[3,9]. 
In Figure 41, the effect of film formation on the overall film crystallinity is 
shown. Xylan particles show distinctive semi-crystalline characteristics with a broad peak 
around 19.3°. The sorbitol particles, used as stabilizer in making the xylan film, are very 
crystalline (see Figure 41). The diffractograms of sorbitol show sharp individual peaks, 
whereas the pure xylan polymer has broader peaks (see Figure 41) which is in agreement 
with literature [8] which shows pure low molecular weight plasticizers give rise to sharp 
distinct peaks, whereas the xylan has broader peaks resulting from scattering from the 
amorphous parts. The XRD pattern of the mechanically mixed particles of xylan and 
sorbitol shows a very comparable pattern with sorbitol particles (see Figure 41 and 42). 
The observed intensity for this mixture drops significantly compared to sorbitol pattern, 
because of the semi-crystalline nature of xylan particles. After solution casting the 
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control xylan/sorbitol film, the crystallinity decreases significantly with respect to the 







Figure 41. Wide-angle X-ray diffraction patterns of xylan particles, sorbitol particles, 
mechanical mix of 1:1 mass ratio of xylan and sorbitol particles, and control 
xylan/sorbitol film. 
 
In Figure 42, the effects of making the 25% xylan/NCW nanocomposite film, on 
crystallinity of the initial components, have been shown. XRD patterns of xylan/sorbitol 
particles show the strong sorbitol crystallinity. In Figure 42, 25% NCW has been added 
to the mixture of xylan-sorbitol and the peaks near 22° have been enhanced due to the 
NCW crystalline peak at 22.2°. The nanocomposite film with 25% CNW shows a much 
lower crystallinity than the sample of mechanically mixed components, but its dominant 
peaks come from NCW peaks. The XRD of mechanically mixed xylan, sorbitol, NCWs 
shows a superposition of the diffraction patterns from crystalline sorbitol, NCW and 
semi-crystalline xylan.  This result indicates that dry mixing does not affect the individual 
film components on the atomic scale whereas the film formation procedure of the xylan 
film with NCW does. 




Xylan + Sorbitol Particles 
with 25% NCW
Xylan Films with 25% 
NCW
 
Figure 42. Wide Angle X-Ray Diffraction patterns of mechanically mixed 1:1 xylan and 
sorbitol, mechanically mixed 1:1 xylan and sorbitol with 25% NCW, and xylan/sorbitol 
film with 25% NCW generated by stirring, heating and solution casting.  
 
The morphology of xylan-NCW nanocomposite films was then further studied 
using XRD focusing on specific crystalline peaks associated with cellulose and xylan. 
The diffractograms of xylan-NCW nanocomposite films with different whisker contents 
are shown in Figure 43. The control xylan/sorbitol film shows weak crystalline peaks at 
2θ = 17.9 and 22.2° which is in agreement with literature [8,236]. Similar to the control 
xylan/sorbitol film, the nanocomposite of 10% NCW shows weak and broad diffraction 
pattern. As the NCW concentration increases, the patterns show characteristic diffractions 
of cellulose I at 2θ = 16.1 and 22.6° that correspond to (110) and (200) planes [111, 8]. 
The diffraction peak at 22.2° has contribution from both xylan in the film matrix and 
NCWs, so it becomes noticeably sharper as the loading increases. However, a second 
peak attributed to xylan in the control xylan/sorbitol film occurs at a slightly higher angle 
(~ 17.9°) than the diffraction peak associated with the 110 planes in NCWs.  This second 
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peak appears as a very broad signal in the nanocomposite films and seems to increase 
with NCW loading, suggesting an increase in crystallinity of the xylan in the matrix film 
may be related to increased NCW incorporation.  
An overall increase in the relative amount of crystalline material in the 
nanocomposite films, a indicated by the change in the diffraction peak at 22.2°, with 
increased whisker incorporation was expected and consistent with work by other 
researchers [111,47,236].  Accordingly, we believe that the higher relative amount of 
crystalline material in the nanocomposites results in less penetration of water molecules 
into the film.  This would then result in lower water transmission rate and may in part 
explain the observed improved barrier properties of the nanocomposite film.  The angle 
of the xylan crystalline peak at ~ 17.9° in the diffractograms of the nanocomposite films 
also seems to change to lower values when compared to the control xylan/sorbitol film. 
The distance between the lattice planes, d, can be related to the Bragg angle, θ, using 
Bragg’s law: 2 d sin θ =nλ, where n is an integer and λ is the wavelength of the X-ray 
radiation. A lower angle correlates to a larger distance between the lattice planes.  This 
may be to due to an altering of the crystal structure of xylan in the nanocomposite during 
film formation and/or more likely, changed contributions of overlapping diffraction peaks 
for NCWs and xylan at 16.1 and 17.9°, respectively. 
 








Figure 43. Wide-angle X-ray diffraction patterns of NCW/xylan nanocomposite films of 
increasing whisker content. 
 
Crystallinity Index (CI) has been calculated for the xylan/sorbitol films with 
different NCW loading using the XRD amorphous subtraction method [237]. The basis 
for this method was outlined by Ruland et al. (1961) who determined crystallinity by 
subtracting the amorphous contribution from diffraction spectra using an amorphous 
standard [238]. Various materials have been used as an amorphous standard, such as ball-
milled cellulose, and xylan powder. Sathitsuksannoh et al. used amorphous subtraction 
method using amorphous xylan as a standard to calculate crystallinity of cellulosic 
materials [239]. Gumuskaya et al. used xylan as an amorphous standard to calculate 
crystallinity of bleached wheat straw-oxygen soda pulp [240].Xylan powder was used as 
the standard in our measurements to measure crystallinity of xylan composite films. We 
used XRD subtraction method similar to the one used in the referenced papers [237-241]. 
A scale factor is applied to the spectrum of the amorphous material, so that after 
subtraction of the amorphous spectrum from the original spectrum, no part of the residual 
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spectrum contains a negative signal.  We used ball-milled cellulose as a cellulose 
standard for calculating cellulose whiskers crystallinity as shown in Figure 44 (e). Figure 
44 (a-d) shows the XRD spectrum of xylan films containing 0 (control xylan/sorbitol), 
10, 25, 50% NCW  along with their scaled amorphous spectrum. The difference between 
the XRD spectrum and the amorphous spectrum denotes the crystalline contribution part 
of the spectrum. CI is calculated as the ratio between the area of the crystalline 
contribution and the total area of the spectrum from 5-40°.  
 
  (a)           (b) 
 
  (c)     (d) 
Figure 44. XRD spectrum of NCW and xylan films containing (a) 0 (control 
xylan/sorbitol), (b) 10, (c) 25, (d) 50% NCW and (e) pure NCW (100%) along with their 
scaled amorphous spectrum. 
 




          (e)  
Figure 44. continued 
Table 35 shows the calculated crystallinity index for xylan films containing 0 
(control xylan/sorbitol), 10, 25, 50% NCW and pure NCW (100%). The CI values are 26, 
32, 42, 61, and 70% respectively. Control xylan/sorbitol film with no NCW loading 
shows some crystallinity (26%) most likely a consequence of the film formation 
procedure. Table 35 also shows that a pure NCW film has a CI ~ 67%, very comparable 
to that determined by NMR, attributed to unhydrolyzed amorphous cellulose and 
cellulose at crystallite surfaces. Assuming film formation causes no change to the 
xylan/sorbitol matrix, one may expect to calculate the CI of the composite based on a 
simple additive rule of mixtures, the NCW volume fraction and the CI of pure NCW and 
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CI by XRD amorphous 
subtraction method 
Expected CI by mixing 
rule Difference  
Control film 26% -- -- 
10% NCW 32% 30% +2% 
25% NCW 42% 37% +5% 
50% NCW 61% 48% +13% 
NCW 70% -- -- 
 
In Table 35, as expected, the crystallinity index of the films increases as the NCW 
loading increases in the films.  The results seem to suggest that there is more crystalline 
material in the nanocomposite than can be directly correlated with the addition of NCWs 
and that the nanocomposite deviates from the rule of mixtures. This is significant because 
these results suggest that there are significant interactions between the xylan film and 
NCW that increases the crystallinity specifically in the matrix of the film.  
 
8.3 Summary 
A processing-structure-property relationship study of xylan-NCWs nanocomposites was 
done and the effectiveness of nanocellulose as reinforcement was demonstrated. 
Degradable polymer nanocomposites from renewable resources based on xylan and nano 
cellulose whiskers were synthesized by solution processing techniques. The spectral data 
obtained for the NCW/xylan nanocomposite films showed that the amount of xylan 
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adsorbed to cellulose increases with the addition of NCW in the matrix.  In addition, 
NMR T2 relaxation experiments studies were conducted to investigate the change in the 
nature of carbohydrate–water interactions as a result of NCW incorporation. These results 
will facilitate an improved understanding of the mechanisms involved in the superior 
barrier and mechanical properties of rigid hydrogen bonded xylan-whisker 
nanocomposite films previously reported. XRD studies show that when a xylan-whisker 
nanocomposite films is formed the mixing occurs on the atomic scale and NCW loading 










The thesis deals with new nanostructured composites, where both the reinforcement and 
the matrix are biobased.  It reports that incorporation of nanocellulose whiskers can act as 
a reinforcing additive to ultimately derive new properties especially strength and barrier, 
when incorporated with the traditional “green” polymers such as xylan. The unique 
molecular attractions between cellulose fibrils and xylan provided enhanced structural 
and physical properties. Xylan films were prepared using oat-spelt xylan, sulfuric acid 
generated cellulose whiskers with sorbitol as plasticizer. Degradable polymer 
nanocomposites films were synthesized by solution processing techniques. Xylan films 
reinforced with the whiskers showed an improvement in strength properties especially 
using the sulfonated whiskers. Xylan incorporated with low dosages of cellulose whiskers 
films providedwith improved water barrier properties. It appears that the high degree of 
crystallinity of cellulose whiskers, dense composite structure formed by the whiskers and 
a rigidly hydrogen-bonded  cellulose whiskers that is governed by percolation mechanism 
can cause cellulose whiskers to form integrated matrix which contribute to substantial 
benefit in the overall reduction of water transmission. The xylan–softwood kraft fiber 
films exhibited fiber aggregation; this can be reason of higher barrier properties of xylan–
sulfonated whisker than xylan–softwood kraft fiber films which have a more open 
structure. Optical microscopic images indicated that xylan incorporated with softwood 
kraft fiber and acacia fiber exhibit fiber aggregation in comparison to well dispersed 
sulfuric nanocrystalline cellulose on xylan surface as indicated in optical and SEM 
images of xylan–sulfuric nanocrystalline cellulose film. This provides more open 
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structure for more rapid permeation in control xylan, xylan–softwood kraft fiber and 
xylan–acacia fibers leading to higher water vapor transmission rate as compared to 
xylan–sulfuric nanocrystalline cellulose films which have substantially lower water vapor 
transmission rate. The synergistic xylan–10% sulfuric nanocrystalline cellulose 
performed well and shows potential for the development of improved biodegradable 
barrier membranes. Nanocrystalline cellulose was also incorporated into xylan slurry to 
prepare high oxygen barrier biodegradable films. The morphology of the resulting 
nanocomposite films was examined by scanning electron microscopy and atomic force 
microscopy which showed that control films containing xylan and sorbitol had a more 
open structure as compared to xylan-sorbitol films containing sulfonated nanocrystalline 
cellulose. Xylan films reinforced with nanocrystalline cellulose were denser and 
exhibited higher tortuosity factor than the control xylan films. A processing-structure-
property relationship study of xylan-NCWs nanocomposites was done and the 
effectiveness of nanocellulose as reinforcement was demonstrated. The spectral data 
obtained for the NCW/xylan nanocomposite films showed that the amount of xylan 
adsorbed to cellulose increases with the addition of NCW in the matrix. In addition, 
NMR T2 relaxation experiments studies were conducted to investigate the change in the 
nature of carbohydrate–water interactions as a result of NCW incorporation. These results 
facilitated an improved understanding of the mechanisms involved in the superior barrier 
and mechanical properties of rigid hydrogen bonded xylan-whisker nanocomposite films 
previously reported. XRD studies show that when a xylan-whisker nanocomposite films 
is formed the mixing occurs on the atomic scale and NCW loading increases the matrix 
crystallinity. 
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